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Abstract 
 
In the last decade there has been increasing interest in the environment and greener solutions to 
waste disposal. The polymer industry is a major contributor to the solid waste stream. There is 
considerable interest in producing degradable polymers from renewable resources and/or using 
filler materials from agricultural or industrial waste to minimise the environmental impacts of 
polymer products.  
Rice hull ash (RHA) is a by-product of the rice industry. RHA is produced when rice hulls are 
incinerated, for example, when they are used to power steam engines in rice milling plants. 
Typically, this ash is disposed of in landfill sites, which may cause environmental problems. 
RHA has a naturally occurring silica content that is very high, ranging from 95 to 98%. This 
high silica content makes RHA a potential filler for polymer products. 
The aim of this project was to investigate the application of RHA as a filler in polypropylene. 
The study used a systematic approach to characterising the RHA physiochemical properties and 
comparing these to another commercially available grade of silica filler. The processing 
conditions for mixing RHA with PP were optimised to obtain the maximum tensile modulus 
value. Attempts were made to improve the interaction of RHA and PP by treating the RHA 
surface with silane coupling agents and adding functionalised polymers to the composite. 
Mechanical, rheological and morphological properties of the non-silanated, silanated and 
coupled composites were characterised and compared to determine their structure –property 
relationships.  
Physio-chemical properties of RHA were characterised using various analytical techniques. 
RHA has a similar chemical structure to the commercial grades of silica as it contains 98 % 
silica. However, there are significant differences. RHA has 2% impurity (mainly carbon), much 
higher than commercial grades such as Degussa’s silica Aerosil® 300, with a purity of 99.9%. 
RHA particles have irregular particle size and a broad distribution. Even after grinding its 
average particle size was around 10 µm with a distribution from 1 to 100 µm. The BET surface 
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area of RHA is 49 m2/g, where Aerosil 300 is 300 m2/g. RHA is porous, with pore diameter of 
1.12 nm, and an average pore surface area of 45 m2/g. The RHA was acid washed to reduce the 
level of carbon impurity; this reduced the level slightly, from 2.2% to 1.98%. Some ash was 
also thermally treated and its impurity content was significantly reduced, to 0.1%. During the 
remainder of the study the RHA used was ground and acid washed. 
Like any metals and metaloids including silicas, the surface of RHA contains –OH functional 
groups. These were characterised using various techniques. TGA, FTIR and NMR studies of 
RHA show consistently that the RHA surface contains a low number of functional (-OH) 
groups compared to other silicas, such as Aerosil 300. RHA has 0.56 (-OH) groups/nm2 where 
Aerosil has 1.3 (-OH) groups/nm2. The type of –OH groups were distinguished using NMR. 
RHA has a saturated siloxane structure with mainly hydrogen bonded –OH groups, where 
Aerosil 300 has a less saturated structure with similar numbers of hydrogen, geminal and 
singled bonded -OH types.  
RHA is a hydrophilic material and PP is hydrophobic. This leads to interface incompatibility. 
Two grades of silane molecules, 3-Aminopropyltriethoxy (APS) and 3-
Methacryloxypropyltrimethoxy (MPS) and a functionalised polymer coupling agent, maleic 
anhydride polypropylene (MAPP) were used for enhancement of compatibility. For each silane 
three different concentrations were applied to the RHA surface prior to mixing with PP, and for 
MAPP, 3, different concentrations were added to the mix during melt blending. 
FTIR, TGA and NMR results for silanated and non-silanated RHA were analysed. All three 
techniques showed some interaction between the RHA and surface treating agents. However 
these interactions were very small. The limited effectiveness of the compatibilisers was 
attributed mainly to the limited number of functional active sites on RHA and to some extent, 
its porous structure. The effect of silanes and MAPP on RHA /PP composites was analysed 
using rheological and mechanical properties of the composites. 
The optimum mixing conditions for the composites of RHA and PP were obtained using a full 
factorial experimental design. It was found that the processing window is wide with optimum 
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values for controlled variables of 12 minutes residence chamber time, 180°C chamber 
temperature and 65 rpm rotor speed.  
Mechanical properties of the composites were tested using a tensile tester and Izod impact 
tester. Addition of RHA into PP increased the modulus but decreased the tensile and impact 
strength of the composites, indicating a lack of stress transfer from matrix to filler. This was 
attributed to poor interaction of hydrophilic RHA and hydrophobic PP. The optimum load of 
RHA was found to be 20wt%. 
Mechanical properties of APS and MPS treated samples and the MAPP coupled RHA/PP 
composites shows that all three compatibilisers improve the mechanical response moderately. 
This suggested improved interaction between RHA and PP or better filler dispersion. The 
optimum values for APS, MPS and MAPP were found to be 1.5wt%, 2 wt% and 3 wt% 
respectively, within the manufacturer’s recommended addition range. The difference in 
optimum values of these molecules was attributed to the difference in their chemical structure 
and functionality, their interaction mechanism and physical size. It is concluded that MAPP is a 
better coupling agent than silanes, resulting in physically stronger and more thermally stable 
bonds, attributed to hydrogen bonding with RHA and chain entanglements and co-
crystallisation with PP.  
Dynamic rheological response of the composites was measured at 190°C and 210°C using a 
parallel plate rheometer. RHA particles increased the viscosity significantly, attributed to 
physical obstruction to deformation, but increased the storage modulus only slightly, attributed 
to the relatively low level of interaction between RHA and PP. The viscosity and storage 
modulus was similar at both temperatures, attributed to RHA particles bringing thermal 
stability to these composites. The optimum loading of RHA for increased elastic response and 
moderate viscosity increases was 20wt%. 
Treating with silane increased all the dynamic properties of the composite melts for all 
concentrations at the lower temperature and most concentrations at the higher temperature. 
Like mechanical properties of the composites the optimum values for APS and MPS silanated 
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samples were 1.5wt% and 2wt% respectively. MAPP coupled composites showed significant 
increases in all dynamic properties for all concentrations at the lower temperature. The 
optimum concentration of MAPP was around 3wt% for enhanced performance at both 
temperatures. 
The Cole-Cole plots of the two components of complex viscosity were used to analyse 
miscibility of RHA particles in PP and coupling agents in these composites at the two 
temperatures. All loadings of RHA showed the co-existence of two relaxation mechanism at 
both temperatures. APS silanated composites showed a similar relaxation mechanism to that of 
the PP at higher concentrations at the lower temperature, attributed to improved dispersion of 
filler and enhanced interface interaction. However, at high temperatures, co-existence of a 
second relaxation mechanism was evident that was attributed to a debonding effect between 
RHA and APS molecules at intermediate loadings, and to network deformation.   
MPS treated composites showed a second relaxation mechanism at all concentrations for both 
temperatures, more prominent at higher temperatures. This was indicative of the difference in 
nature of bonding and was attributed to the bonding and debonding nature of MPS molecules 
with RHA.  
The Cole-Cole plot of MAPP samples at all concentrations and for both temperatures showed 
arcs similar to that of PP, indicative of a single relaxation mechanism.  
MAPP showed greater enhancement of rheological properties compared to those of silanated 
samples, which was consistent with the trends in their mechanical properties. 
DSC studies shows that RHA is a weak nucleating agent. The silanated samples showed some 
enhancement of nucleation, suggesting an improved interaction between RHA and PP. MAPP 
composites showed the highest nucleation, suggesting the highest interaction. This was 
attributed to interaction between RHA and PP as well as co-crystallisation of PP segments of 
MAPP with PP. 
ESEM confirmed the size and distribution of particles in the PP. Fracture surfaces showed no 
differences between non-coupled and coupled composites, suggesting no improvement in 
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interaction between RHA and PP. This was inconsistent with the finding using other 
techniques, which was attributed to the limitations of this technique. 
In summary, RHA acts as a moderate reinforcing filler in PP, as the properties of the RHA / PP 
composites show some improvements. Using coupling agents improves the properties slightly. 
These improvements are relatively small compared to commercial fillers, so RHA may not be 
commercially attractive as reinforcing filler for heavy-duty composite applications. However it 
may have potential as an inert filler that reduces costs of polymer products in non-structural 
applications. It is also of high interest in composites that have reduced environmental impact, 
as it reduces waste from the rice industry. 
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1 Chapter 1: Introduction 
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1.1 Background 
 
There has been a long ongoing debate amongst scientist and engineers in search of an exact 
definition for composite materials and thus various definitions and explanations are found in 
the literature. However the best for a polymer – fillers system is the one by Richardson (1977) 
stating that the composite material may be defined as any substance which is made by 
physically combining two or more existing materials to produce a multiphase system with 
different physical properties from starting materials but in which the constituents retain their 
identity. In a polymer composite, the polymer matrix is the continuous phase and the filler is 
the dispersed phase embedded in the polymer. The performance of the composite depends on 
the original properties of both the phases (matrix and filler) as well as the interaction between 
the two phases. The escalating cost of engineering thermoplastics over the last few decades due 
to the rising oil price has restricted growth in the volume of polymer used in polymer 
composites. 
Fillers have been an integral part of thermosets for almost a century but the use of filled 
thermoplastics is relatively new. The main use of filler is for cost reduction but their 
incorporation in plastics has brought other benefits. Mechanical properties especially stiffness, 
thermal properties such as thermal conductivity and diffusivity, chemical resistance and UV 
stabilization may also be improved. Polymeric composites are used in many applications such 
as packaging material, disposable medicinal applications, automotive interiors and exteriors 
and aerospace applications.  
The term filler is used to describe inert, solid materials that are physically dispersed in the 
polymer matrix without affecting the molecular structure of the polymer. Fillers can be 
categorized in a number of ways such as their chemical form (organic and inorganic) and their 
physical form such as one dimensional, two dimensional and three dimensional. Talc, calcium 
carbonate, glass, fumed and precipitated silicas and carbon black are amongst the most 
commonly used fillers for thermoplastics. 
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These filler are well known to have provided substantially good reinforcement in many 
applications as well as helped in the cost of the final product. However the environmental 
movement to minimize waste and promote recycling has awakened interest in the polymer 
industry in utilizing fillers from natural sources. These classes of fillers include natural fibres 
such as jutes or agricultural by-products/wastes such as saw dust, baggase and rice hulls and, 
more recently, rice hull ash (RHA), commonly known as silica ash.  
From an engineering point of view the most important advantages of using polymeric 
composites in applications replacing metals are the ease of processing, manufacturing 
versatility and the lower production costs. Fillers from natural sources and agricultural by-
products/wastes are generally relatively cheap. 
However, there is a major disadvantage with these composites; the interfacial adhesion 
between natural reinforcing fillers and polymers is generally weak. In order to obtain good 
properties, the compatibility between the fillers and polymer must be improved by chemical 
modification. In other words, chemical modification is necessary to overcome the issue of 
incompatibility between a hydrophilic filler material and a hydrophobic matrix polymer. 
Extensive studies have been done on polyolefin polymers (such as polypropylene and 
polyethylene) and various natural reinforcing fillers, with various chemical modifiers to assess 
effect on the interface.  
1.1.1 Rice Hull  
 
Rice hulls are the coating for the seeds, or grains, of the rice plant, to protect the seed during 
the growing season. These are removed from the grain during a milling process as the hull is 
indigestible to humans. Rice hulls contain hard materials, including opaline silica and lignin. 
Rice hulls are organic material and can be composted but their high lignin content can make 
this an extremely slow process.  Rice hulls are used in applications such as animal feed, 
fertilizer, and silicon carbide whiskers in cement industry. However there is a disadvantage of 
using hulls in these applications.  Most of these applications require milling of the hull which 
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adds the cost of milling processing. The transportation cost of the hulls is also another major 
cost because of the low packaging density of hull. The potential of rice hulls as a filler in the 
polymer matrix was also investigated by some researchers. The minimal improvements in 
tensile properties were outweighed by the cost equipment wear due to the abrasive nature of the 
rice hulls [1, 2]. Another common application of hulls is as a fuel to generate power for steam 
engines and for drying rice, as rice hulls have relatively high calorific value. An in-house 
combustion process is the most economically viable and widely used technology for power 
generation [3] [4] [5] [6] [7] [8]. However, in the combustion process, only the organic part can 
be burned, giving a silica-rich ash as the residue and creating a waste disposal challenge. The 
residual is commonly known as Rice Hull Ash (RHA) or silica ash. 
1.1.2 RHA 
 
As mentioned earlier RHA is the by-product of rice hull combustion is very rich in silica. The 
silica concentrations in the dry hull can be as high as 21.5 wt%. World rice production in 
2002/03 was 582 million tons. As a consequence, 145 million tons of husk residues were 
produced which corresponds to ~5 million tons of silica [9]. For many years, this ash was 
disposed as landfills causing more environmental problems. In the last decade, a number of 
possible uses for RHA are being investigated. These uses include aggregates and fillers for 
concrete and board production, absorbents for oils and chemicals, soil ameliorants, as a source 
of silicon and insulation powder in steel mills but these applications have little value beyond 
removing the waste.  
Another value utilizing applications of RHA due to its naturally occurring high silica content is 
the use of RHA as filler and/or reinforcing agent in polymeric materials, cements and 
geopolymers. 
This potential for rice hull-derived silica production could be economically advantageous if the 
extracted silica were a high quality product insofar as surface properties (area, energy and 
functionality), particle size and size distribution and purity are concerned. 
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1.2 Polypropylene (PP) 
 
PP has excellent and desirable physical, mechanical, and thermal properties when it is used in 
room-temperature applications. It is relatively stiff and has a high melting point, low density, 
and relatively good resistance to impact. These properties can be varied in a relatively simple 
manner by altering the chain regularity (tacticity) content and distribution, the average chain 
lengths, and the incorporation of an impact modifier into the resin formulation. 
PP is a very versatile polymer. It has many properties that make it the polymer of choice for 
various applications such as automotive industry, household commodities, and heavy-duty 
laboratory equipments. This is due to its relatively high melting temperature for applications 
such as microwave dishes and medical autoclaving and its ease of processability and colour 
application makes it a favourite polymer for a number of applications such as car body parts. 
There are many ways in which the mechanical properties of PP can be modified to suite a wide 
variety of end –use applications. Various fillers and reinforcements are added to PP resin to 
attain cost –effective composite mechanical properties. Fibrous materials tend to increase both 
mechanical and thermal properties, such as tensile strength flexural strength, flexural modulus, 
heat deflection temperature, creep resistance and impact strength. 
Polypropylene was used for this project because of its ease of processability and cost which 
was relatively lower than other thermoplastics.  
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1.3 Objectives 
 
Recently few researchers have incorporated RHA into polymers and reported their mechanical 
properties. However none of the studies reported physiochemical properties of RHA as well as 
its interaction with the polymer and coupling agents. The literature also lacked any rheological 
studies of the RHA in the polymer composites. The goal of this project was to investigate the 
application of RHA as filler in polypropylene. The study included an intensive chemical 
analysis of the structure of RHA a qualitative and quantitative analysis of its functional groups. 
The study also investigated the utilisation of these functional groups in enhancing the 
interfacial bonds between the filler and the matrix and/or the surface treatment of filler to 
obtain hydrophobicity and thus polymer compatibility.  
This was achieved by structuring the project objectives in four main categorises outlined 
below: 
1. Characterisation of the physio-chemical properties of RHA such as purity, chemical 
functionality and structure, particle size, surface area and porosity and comparison of 
these with those of other commercially available grades of silicas. 
2. Optimisation using design of experiment of the RHA loading and of the processing 
conditions of PP.  
3. Investigation of the interfacial compatibility of hydrophilic RHA with hydrophobic PP 
and the role of coupling agents in improving it. 
4.  Investigation of the impact of RHA with and without the coupling agents on the 
mechanical, rheological, thermal and morphological properties of its composites with 
polypropylene. 
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2 Chapter 2:  Theory and Literature review 
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2.1  Studies on the Origin, Production and Physiochemical 
Properties of RHA 
2.1.1 Origin and Production 
 
2.1.1.1 Rice Hull  
 
Rice hulls are the coating for the seeds, or grains, of the rice plant to protect the seed during the 
growing season. These are removed from the grain during a dehulling process because it is 
indigestible to humans. Rice hulls are a hard material, including opaline silica and lignin. Rice 
hulls contain large amounts of organic material so can be composted. However their  low C:N 
ratio, their high cellulose and lignin content, and waxy surface that impedes microbial attack, 
due to their  low capacity to absorb water making this an extremely slow process[4, 6].  Rice 
hulls are known to have relatively high content of inorganic compounds representing 
approximately 21wt% of the dry hull, more than 94% of which is silica. The remaining wt% 
consists of K2O, CaO, MgO, Al2O3, P2O5 and SiO2 in decreasing concentrations and is herein 
after referred to as trace impurities because they can change the properties of the silica that can 
be produced from the hull [10]. Rice hulls have been used in various applications such as 
animal feed, fertilizer, flocculants suppressor in steel industry, as and fuel for generating power 
and electricity. The first three applications have been limited because of the structure of hulls. 
Hulls have low digestibility and nutritive value so were not very successful as animal feed and 
the transportation costs due to low packing density limits any other application [7]. Rice hull 
flour has also been tried as filler in thermoplastic and one study concluded that the minimal 
improvement in tensile performance was outweighed by equipment wear due to the abrasive 
nature of rice hulls [2]. This application also adds the cost of a milling process as flour is easier 
to transport and apply into polymers. An increasingly common application of rice husk in rice 
producing countries, such as Brazil and Argentina, is fuel for heat generation for drying rice, as 
rice hulls have relatively high calorific value. An in-house combustion process is the most 
economically viable and widely used technology for power generation;; [4, 5, 7, 8]. 
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 However, in the combustion process, only the organic part can be burned, giving a silica-rich 
ash as the residue and creating a waste disposal challenge. The residual is commonly known as 
rice hull ash (RHA) or silica ash.  
2.1.1.2 RHA 
 
RHA is the by-product of rice hull combustion is and very rich in silica. The silica 
concentrations in the dry hull can be as high as 21.5 wt%. World rice production in 2002/03 
was 582 million tons. As a consequence, 145 million tons of husk residues were produced 
which corresponds to ~5 million tons of silica [9].  
The interest in utilizing RHA as filler in polymers has increased due to environmental concerns 
about its disposal and its unexpectedly naturally high silica content. Rice hull-derived silica 
production could be economical if the extracted silica were of sufficiently high quality. Quality 
depends on surface properties (area, energy and functionality), particle size, size distribution 
and purity. 
RHA is a general term describing all types of ash produced from burning rice husks. In 
practice, the properties of the ash vary considerably according to the burning technique. The 
silica in the ash undergoes structural transformations depending on the conditions (time, 
temperature etc) of combustion. At 550°C – 800°C amorphous ash is formed and at 
temperatures greater than this, crystalline ash is formed [8, 11-16] [17]. These types of silica 
have different properties and it is important to produce ash of the correct specification for the 
particular end use. 
Burning rice hulls to generate power makes the quality of the ash more variable than if its 
burned to make silica [10, 18]. The quality of RHA varies more from one batch to other within 
the same plant and variations increase between batches from different plants. Hence different 
researchers have reported different values for the various characteristics of RHA [11] [19] [19] 
[8] [17].  
Studies of the physiochemical characteristics of RHA are summarised in these sections. These 
studies have been divided into the sub-section such as chemical structure and functionality, 
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surface area and porosity and size and size distribution of RHA particles for ease of 
understanding.  
Chemical structure of commercial grades of silica and it’s functionality have been studied by a 
number of authors with a few attempts in understanding the RHA characteristics. 
2.1.2 Physical Properties 
 
2.1.2.1 Particle size and distribution 
 
Particle size and size distribution play an important role in determination of polymer composite 
properties. There is strong interaction between composite mechanical properties and particle 
surface area and size. 
Fillers with higher number of functional groups and higher surface areas have stronger filler-
filler interactions which tend to cause aggregation of particles which may result in poorer 
dispersion in the polymer matrix [20-22]. A balance between the two, increased surface area 
and the aggregation tendency is needed for an optimum mechanical strength. 
The effect of particle size and its distribution have been studied for many types of filler 
particles in the micron range and recently in the nanometre range with the evolution of 
nanocomposites of clay sodium silicate with various polymers [23]. In a very recent study 
Friedrich and co-workers studied the effect of size of  SiO2 spherical particles ranging from a 
few nanometres to the lower end of micrometers on the distribution and dispersion of particles 
using TEM in the matrix and thereby its impact on the mechanical properties of the composites. 
The authors conclude that on a same volume basis smaller particles have better distribution due 
to high surface area and dispersion as long as good mixing is achieved and significantly better 
mechanical properties including tensile strength much lower filler loading [24]. Chaudhary 
studied composites of PP and RHA particles with two different particle sizes of 22µm and 
47µm. The author concluded that at the same weight fraction of smaller particles resulted in 
higher tensile and impact strength [19]. Nakamura and co-workers investigated the effect of 
particle size on the tensile and fracture properties of the silica filled epoxy resin composites. 
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The silica particles used were in the range of 2µm to 50µm. They also found that smaller 
particles and narrower size distribution have better mechanical properties [21] [25]. These 
studies showed well distributed smaller particle resulted in improved composite properties.  
2.1.2.2 Filler shape  
 
Shape of the filler is important in polymer composites, whether the filler is used for cost 
reduction or as a reinforcing agent. Different shapes show varying mechanical and rheological 
behaviours in composites. Needle like or fibrous fillers such as glass fibres provide better 
mechanical properties especially tensile when compared to spherical fillers. This is attributed to 
their high aspect ratio (defined as the ratio of the length to diameter L/D) [26]. Irregular filler 
shapes result in inferior dimensional stability, flow and filler packing [27]. Nakamura and co-
workers investigated the effect of shape of silica filler on the tensile and fracture properties of 
epoxy resin composites in two separate studies. The particles used were irregular shaped 
crushed silica from quartz and spherical silica produced by hydrolysis. The results from these 
studies showed that silica with an irregular shape resulted in higher stress crack propagation 
than a smooth surface [21] [25].  
Filler shapes also affect friction properties between filler and polymer. Micro-configuration and 
frictional properties of filler surface play an important role in the polymer-filler interaction 
[28]. Friction implies the presence of a compressive force normal to the interface. A smooth 
filler shape will not provide a lock and key characteristic as well as an irregular (non-smooth) 
surface so friction is lower [29]. However a smooth surface will be more easily wetted by 
polymer, which will tend to increase friction [27].  
2.1.2.3 Surface area and Porosity 
 
Surface area and porosity of the filler are very important in determination of the efficiency of 
the filler in the composite system. Surface area depends on the particle size. The smaller the 
particle size, the higher the surface area. Thus the effect of surface area generally correlates 
with the effect of particle [21, 22, 25, 30]. 
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Surface area of fillers is commonly measured using BET method. BET is an extension of 
Langmuir theory and a well-known rule for the physical adsorption of gas molecules on a solid 
surface. The bases of this theory for monolayer molecular adsorption, to multilayer adsorption 
with the following hypotheses: (a) gas molecules physically adsorb on a solid in layers 
infinitely; (b) there is no interaction between each adsorption layer; and (c) the Langmuir 
theory can be applied to each layer. The resulting BET equation is expressed by Equation 
2-1[31]  and the resultant surface area is evaluated by Equation 2-2 [31]: 
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P and P0 are the equilibrium and the saturation pressure of adsorbates at the temperature of 
adsorption, W is the adsorbed gas quantity (for example, in volume units), Wm is the monolayer 
adsorbed gas quantity c is the BET constant, N is the Avogadro's number and Mw is the 
molecular weight of adsorbate.  
The surface area plays an important role in the wettability of filler by the polymer. Wettability 
of a filler is its ability to adsorb/absorb (form bonds) with other molecules such as polymer 
molecules and surface treating agents like silanes and surfactants. The more available the 
contact surface, the better the wetting [32]. 
The porosity of the filler plays significant role in the treatment of the filler. A porous filler 
contains air: oxygen, N2 and CO2 and moisture. Small surface treatment molecules can be 
absorbed into pores. The polymer molecules can not enter the pores due to steric hindrance of 
long chains [33]. Thus the efficiency of surface treatment is reduced and more treatment agent 
will be needed to optimise property enhancement; adding more cost. 
The process of combustion of rice husk to produce RHA is not very controlled and therefore 
there is a big variation in the physical characteristic of RHA. Various researchers have reported 
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different values for surface area of RHA and the pore diameter. Chaudhary and Jollands 
reported a surface area of 29 m2/g and pore diameter of 71Å (7.1nm) [19]where as another 
source where the application of RHA was as a filtration medium the pore diameter is in the 
range of 0.5-10 µm and below (Figure 2-1) is the TEM image of this RHA. 
 
 
Figure 2-1: TEM image of porous RHA [5] 
 
2.1.3 Chemical structure and functionality  
 
The surfaces of all metals and metalloids, including silica of different grades, are covered to 
varying degrees by -OH groups. These play an important role in the adsorption and chemical 
reactions with other molecules such as silanes [34-37].  
 The –OH groups can undergo various chemical reactions such as esterification, chlorination 
and condensation and therefore are of great importance in filler interaction with other chemical 
molecules and polymers. –OH groups have high affinity towards water and therefore silicas are 
hydrophilic. Silica can have a few different –OH types, such as the hydrogen-bonded, single, 
and geminal –OH types shown in Figure 2-2 [38, 39]. The quality and quantity of –OH groups 
vary for different fillers. The number and type of –OH groups for RHA depends on the 
combustion process. If the combustion temperature is higher than 700°C and the exposure time 
is long, dehydroxylation of –OH groups can occur by condensation [17]. For two –OH groups 
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to undergo a condensation reaction they have to be in close proximity to each other. The –OH 
number that is refered to in this thesis is a total for all types.  
 
a) Single -OH        b) Geminal -OH   c) Hydrogen-bonded –OH   d) Siloxane structure  
Figure 2-2: Possible configuration of -OH groups of silica ([38] [39]) 
 
Several techniques may be used to study –OH numbers and types. These include NMR, FTIR 
and TGA. These are discussed in the following section. 
2.1.3.1 TGA studies of fillers 
 
Thermo-gravimetric analysis (TGA) has been used by several researchers to quantify the -OH 
group number on filler surfaces. The sample weight loss between 350 and 800°C is attributed 
to the amount of condensation water lost from –OH groups, and this can be used to calculate 
the density of the –OH groups [38, 40]. Mueller and co-workers reported 1.7 and 2.6 -OH/nm2 
for two commercial grades of fumed silica, Aerosil 200 and Aerosil 380 respectively [40] 
where as Zhao and co-workers reported 2.1 OH/nm2 for a anhydrous silica that was produced 
in their laboratory [38]. Chaudhary used this method to estimate the –OH number of a grade of 
RHA and reported the surface –OH number to be 16/nm2 [19]. 
2.1.3.2 FTIR studies of fillers  
 
Fourier Transfer Infrared (FTIR) spectroscopy has been used in structural analysis of a number 
of organic and inorganic fillers including silicas. FTIR studies have been conducted on a 
number of commercially available grades of silica in the wavelength range of 400-4000 cm-
1
.The region above 3000 cm-1 wave number is attributed to -OH, more specifically with peaks 
around 3600 cm-1 attributed to the hydrogen bonded –OH and peaks around 3700 cm-1 due to 
single and geminal –OH groups [38, 41, 42]. The peaks in the region 1620 cm-1 are attributed 
to –OH stretching vibrations of adsorbed water. The saturated broad bands around 1100 cm-1 
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are assigned to the Si-O vibration [37] [43]. Similar peak assignments were observed for a 
silica xerogel from RHA. There were clear peaks attributed to hydrogen bonded –OH around 
3200 cm-1 and geminal type –OH around 3700 cm-1[14]. Sae-Oui and co-workers compared 
two grades of RHA (with high and low carbon content) with some other commercial grades of 
fillers such as talcum, fumed silica, calcium carbonate and china clay. It was concluded (from 
the low intensity peaks) that both grades of RHA had very low –OH numbers when compared 
to commercial grade of silica [41, 44].  
2.1.3.3 NMR studies of fillers  
 
In solution NMR, spectra consist of a series of very sharp transitions, due to averaging of 
anisotropic NMR interactions by rapid random tumbling. By contrast, solid-state NMR spectra 
are very broad, as the full effects of anisotropic or orientation-dependent interactions are 
observed in the spectrum. In any condensed phase such as solids a nuclear spin experiences a 
great number of interactions. The main three interactions (dipolar, chemical shift anisotropy, 
quadrupolar) often lead to very broad and featureless lines. However, these three interactions in 
solids are time-dependent and can be averaged by magic–angle spinning (MAS). Solid state 
29Si nuclear magnetic resonance technique was employed with high-power proton decoupling 
(HPDEC) and MAS with cross polarisation (CP).By spinning the sample at the magic angle 
with respect to the direction of the magnetic field, the normally wide lines narrow, therefore 
increasing the resolution for better identification and analysis of the spectrum. The CP 
technique generates signals from those silicon atoms that are dipolar-coupled to hydrogen. The 
spectra are not quantitative, and since the signal response decreases rapidly with increasing 
distance from the hydrogen, the relative intensities of the Qn resonances become weaker as n 
increases, especially for n=4 [45]. The Q4 signal is thus only due to Q4 silicons close to the 
surface. 
NMR spectroscopy is sensitive to the chemical environments of a silicon atom and so different 
types of -OH groups can be distinguished. The technique has been used to study some 
commercial grades of silica such as fumed and/or precipitated, which provides the basis for a 
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non commercial grade of silica such as RHA. However, not much work has been completed in 
this area.  
Ono and co-workers studied the structure of two commercially available grades of silica[46]., 
precipitated high surface area silica and fumed silica of medium surface area, using a solid state 
NMR. Both silicas exhibited similar structural properties of mainly three peaks with the 
intensity of the geminal –OH (Q2) and single and hydrogen bonded  -OH (Q3) peaks much 
lower in fumed silica than precipitated silica. This is shown below in Figure 2-3.  
 
Figure 2-3: 
29Si -CP/MAS-NMR spectra of precipitated and fumed silicas ([46]) 
 
The peaks were assigned to silicon atoms with geminal –OH (Q2) at -94 ppm, single and 
hydrogen bonded –OH (Q3) at -100 ppm, and siloxane bridge with no –OH  (Q4) at -109 ppm 
(Figure 2-2). Similar results of the presence of some or all three these peaks with varying 
intensities have been reported by other researchers for some other grades of silicas [34, 37, 45, 
47]. The intensity of the peaks was used for a quantitative analysis of the -OH groups. 
Precipitated silica was found to contain 6 OH /nm2 and fumed silica 2.6 OH/nm2 [46]. 
Leonardelli and co-workers studied the –OH types and numbers of the amorphous silicas 
produced through different dehydration and rehydration processes to better understand silica 
surface properties. All three peaks were observed for all samples. The peak intensity varied 
with process with a plateau amount of –OH at low dehydration temperature range 600-800 °C 
[47]. Simonutti and co-workers studied the peak and signal intensities of silica with varying 
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ratios of Q2 and Q3 to Q4. They compared cross-polarisations (CP) and single pulse excitation 
(SPE) with magic angle spinning (MAS) solid state NMR. They found that CP-MAS was more 
sensitive to geminal –OH types when they were present in very small numbers [45]. Karl and 
co-worker studied the effect of temperature of thermal treatment of silica gel on the quantity of 
-OH groups. Their study concluded that the number of –OH groups is controlled by the thermal 
treatment. They found that the variation in size of Q2 and Q3 peaks depends on temperature 
[37]. These studies are used as an analogue to better understand the RHA characteristic as 
RHA’s properties may be affected by the combustion process. The lack or the low abundance 
of surface functional groups of RHA will be best characterised with NMR studies and can be 
verified with TGA and FTIR characterisation.  
2.1.4 RHA Purity 
 
The process of silica ash formation is very important in terms of its final structure and purity. 
The combustion temperature and period of exposure to the temperature plays an important role. 
The burning of rice hulls in air leads to the formation of silica ash of varying degree of purity, 
with mainly unburnt carbon as impurity. A high temperature and rapid process results in an 
amorphous structure (that is not enough time for an ordered orientation of structure to form, 
called “crystalline”) and with some unburned carbon trapped in the structure. This is attributed 
due to surface melting of silica in the presence of K2O impurity. Thus the main impurity found 
in the ash is in the form of carbon [44] [8]. The high carbon content ash (~13%) is dark grey to 
black in colour and the low carbon content (~3%) ash are light grey in colour [48]. 
De Souza and co-workers studied the combustion condition of rice hulls on the properties of 
the resultant ash. The ash varied from grey (low carbon) at ash from the top of the furnace 
more exposed to open air and grey (high carbon) ash due to limited oxygen supply and high 
temperature in the inner core of the furnace [10, 18]. In a more recent study by Foletto and co-
workers, RHA was used for the production of soluble sodium silicate. Three different grades of 
RHA were used  with varying amount of carbon impurity, the high, medium, and carbon free 
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with colour black, grey and white pinkish respectively. This findings of this study is consistent 
with others [10, 44, 48] and reported that a black RHA was a result of low combustion time ad 
moderate temperature with unburnt carbon present, the grey ash is at moderate temperature but 
longer combustion time and the whitish pink is was produced at temperature higher than 
700°C. The pink shade in this ash was due to the presence of potassium [16].  
De Souza also studied the acid treatment of hulls prior to combustion on the quality of silica 
ash produced. It was reported that that acid treatment resulted in very high purity silica ash 
(99%) and high surface area (<250 m2/g) [10, 18]. 
There have been reports of some other trace impurities such as K2O, CaO, MgO, MnO, Al2O3, 
P2O5, in the ash which can affect its performance as a filler in composites. Hence a method of 
extraction from RHA of significantly purified silica has been reported, where RHA is washed 
in an acidic solution of (pH ranging from 4 and 7) and rinsed with deionized water. It was 
found that low pH of 7 and rapid gelation time resulted in high carbon and entrapped higher Na 
content. Low pH and longer gelation time resulted in less carbon and less Na [15]. 
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2.2 Studies on the surface treatment of RHA 
 
Surface treatment of fillers with surface treating agents such as titanates and silane chemical 
molecules was the subject of extensive research for a many and various reasons, particularly 
improving the surface compatibility with other molecules such as polymers as well reducing 
the surface energetic and thereby improving the dispersion and ease of processability.  
Surface treatment of fillers is an interesting topic as the interaction of different fillers with 
different surface treating agents are very unpredictable and varying results have been observed 
by various researchers. The adhesion mechanisms of these molecules onto the filler surface 
depend heavily on the surface chemistry (functionality) as well the topology of the filler. The 
treatment process employed also plays an important role in the final quality of adhesion.  
2.2.1 Introduction to silanes 
 
Silane coupling agents have been used to improve the mechanical properties of composites by 
facilitating adhesion of inorganic filler particles to polymer matrices. The hydrolytic stability of 
the composites is also improved by using silanes because of the hydrophobic nature of silane 
coupling agents. In dental composites, silica or glass beads are frequently used as 
reinforcements and to reduce overall polymerization shrinkage. The silane coupling agents 
used in dental composites are mostly alkyloxy silanes [49]. 
Many laboratories and manufacturers use proprietary methods to treat the filler particles and a 
general consensus does not emerge from the literature regarding the best method of silanation. 
There are mainly 2 methods of application of silanes to inorganic fillers; a wet method and dry 
method.  
 A) Wet method 
In employing the wet method, a slurry of the inorganic materials in a dilute solution of the 
silane coupling agent is made. This method results in a highly uniform and precise surface 
treatment of the inorganic material [50].  
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B) Dry method 
A high shear, high speed, mixer is used to disperse the silane coupling agent into the inorganic 
materials before it is mixed with polymer resin or the silane molecules are added during mixing 
the filler and polymer during compounding[51]. The silane is generally applied either neat or as 
a concentrated solution. Dry Method is most often preferred for large-scale production, treating 
a large amount of filler in a relatively short time and generating relatively little mixed waste; 
however, it is more difficult to obtain uniform treatment with this method [50]. The dry method 
generally requires very clean  and reactive substrates (pure fillers) for a complete surface 
coverage of fillers and to avoid inter cross linking of silane molecules [52].  
In this thesis, a wet method of silane surface modification is employed and therefore the 
literature review is limited to only wet method of application. 
Researchers use different solvents, temperatures, and drying methods, with or without the 
addition of a catalyst. Two main silanation mechanisms have been proposed.  
One (the so-called hydrolysation mechanism) was proposed by Pluedemann,[53] where groups 
on the silane (−OCH3) are hydrolysed to silanol groups by moisture on the inorganic phase or 
in the solvent, and the silanol groups condense with surface hydroxyl groups on the inorganic 
particles to form a covalent bond. The silanol groups on adjacent silanes can also condense 
with each other to form a polymer film on the silica surface. According to this mechanism, the 
presence of water is necessary for the silanation of filler particles; therefore, silanation is 
carried out in a water-containing organic medium. Different organic solvents may be used: 
methanol, [54], ethanol (95%) [55, 56], isopropanol (95%), [57] acetone, and a mixture of 
ethanol and cyclohexane [35]. Silanation using only water has also been used. The temperature 
used during the silanation process ranges from 25° to 50°C and the treatment time can extend 
up to several hours. In most cases, the filler particles are not further washed after silanation 
before oven drying. When a silane coupling agent with an unsaturated functional group like 
methacrylate is used, the degree of unsaturation influences the bonding of the silane coupling 
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agent to the polymer matrix through copolymerization. Therefore, the drying temperature of 
silanated fillers is an important factor, because a decrease in the degree of unsaturation will 
affect the strength of the silane–polymer matrix adhesion, and the overall mechanical 
properties of the composites. There is no consensus about the optimum drying temperature of 
silanated filler particles. It varies from 70-130°C. 
The other mechanism (the so-called direct condensation mechanism) suggests that silane would 
chemically bond to the surface of filler particles via direct condensation of the alkyloxy groups 
of the silane with the surface hydroxyl groups of the filler [35, 55-58]. According to this 
mechanism, therefore, silanation is best conducted in an anhydrous environment. The filler 
particles are all dried at high temperatures to remove surface adsorbed water. A nitrogen flow 
is also used to protect the reactants from moisture. The systematic reaction mechanism of 
silanes with filler forming hydrogen bonds and/or covalent bonds is shown below in Figure 
2-4. 
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Figure 2-4: Schematic diagram of silane reaction with silica -OH groups ([58] 
 
The presence of silane coupling agents on the surface of filler particles will significantly affect 
the mechanical properties of the composite and this is reviewed in detail elsewhere in this 
thesis. Liu and co-workers showed that the amount of silane strongly influenced interfacial 
properties. Both monolayer and multilayer adsorption occurred on the surface of colloidal silica 
when silane was used as a coupling agent [54].  
Irrespective of the method of application of silane molecules to the filler, its adsorption onto 
filler strongly depends on the number of hydroxyl groups available on the filler surface. The 
optimum level of silane for this study was found to be 0.11mmol/g of filler [59]. 
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2.2.2 Characterisation techniques of silanated fillers  
 
Various researchers used various surface treating chemicals and different characterization 
techniques to investigate qualitatively and quantitatively the interaction of fillers with these 
agents. Some of the relevant studies are summarized below on the interaction of fillers with 
silane surface treating agents. 
2.2.2.1 TGA studies of surface treated fillers  
 
Liu and co-workers reported a detailed study on the silanation of fumed silica with 
Methacryloxypropyltrimethoxy silane (MPS) employing a few different solvents[54]. The 
attachment of silane molecules on the silica surface was investigated. They concluded that 
there are two types of bonding between the silica surface and the silane molecules, loose and 
tight. Loose bonding is the product of short time (2 hours) at room temperature (low) silanation 
method and the tightly bonded was oven dried for 110° C for longer period of time. It was 
reported that the loosely bonded silane could desorb from the filler easily and migrate into the 
polymer causing self cross linking and network formation. On the other hand the tightly 
bonded layer was unable to link with the polymer matrix due to lack of unsaturated double 
bonds. The presence of loosely bonded and the absence of a tightly bonded layer of silane were 
estimated using TGA. It was reported that loosely bonded silanes resulted in a weight loss 
between 325-450° C and an increase in the weight loss around 450-550° C was due to the 
condensation of –OH groups (which was also observed for non-treated silanes). An 
insignificant change in weight loss (around this temperature) compared to that of an 
unsilanated sample was reported as an indication of weak silanation. An increase in the weight 
loss around 450-550°C was observed for some silanated samples and was attributed to the 
condensation of unreacted silanol groups of silane molecules[54].  
Silica nanoparticles (SiO2 powder, around 90 nm average diameter, S.D. of 20 nm) were used 
in another detailed study of surface treatment by Sun and co-workers. Two kinds of silanes, 
glycidoxypropyltrimethoxysilane and aminoethyl-aminopropyltrimethoxysilane, were used as 
coupling agents for silica surface modification. The nanosilica was characterized by TGA. It 
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was observed that the untreated nanosilica had a substantial weight loss (about 2 wt %) below 
200°C, which was attributed to the elimination of physically absorbed water on the surface. 
The treated nanosilica had a much lower weight loss below 200°C, which was attributed to a 
change in the surface, from hydrophilic to hydrophobic. However for the silanated samples 
there was a continuous weight loss continuously above 300°C, which was attributed to the 
debonding and degradation of grafted silane functional groups on the surface [60]. 
2.2.2.2 FTIR studies of surface treated fillers  
 
In the study using TGA by Liu et al, described in the previous section, FTIR spectra was also 
used to study the attachment of silane molecule on fumed silica using various solvents. FTIR 
spectra of silanated fumed silica samples exhibited the characteristic adsorption bands of MPS. 
The band at 1718 cm−1 was assigned to the free C=O stretching vibration, and the band at 1700 
cm−1 to the C=O group hydrogen bonded with silanol groups. A comparison of the spectra 
showed that the intensity ratio of the free to the H-bonded C=O vibrations, I (1718 cm−1)/I 
(1700 cm−1), increased with increasing MPS concentration. 
MPS can be adsorbed onto the surface of silica from solvent in three possible forms, i.e., 
through hydrogen bonding between silanol groups of MPS and silica (Figure 2-5, Form A), 
through hydrogen bonding of C=O and silanol groups (Figure 2-5, Form B), or by forming 
multilayers through hydrogen bonding (Figure 2-5, Form C) [54, 61]. Schrader and co-workers 
[62] suggested that the outermost layers contain silane condensed via cohesive forces. At lower 
silane concentrations, silane molecules will be adsorbed onto the surface of silica mainly in 
Form A or B. With increased silane concentration, Form C can occur. Form A will only give 
rise to a free C=O band in the FTIR spectrum at 1718 cm−1 and Form B will only give rise to a 
hydrogen bonded C=O band at 1700 cm−1. Form C and mixed forms (Form A plus B) will give 
rise to bands at both 1718 and 1700 cm−1. 
Sun and co-workers also used FTIR to investigate nonsilanated and silanated silica 
nanoparticles samples [60]. It was reported that the silane functional groups were not easy to 
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detect due to the strong and broad peaks of Si–O (1020–1250 cm−1) and –OH (3300–3700 
cm−1). However, the intensity of the absorption peak between 3300 and 3700 cm−1 related to 
the presence of silanol groups was lower in the treated silica than that in the untreated silica. 
Compared to the aminoethyl-aminopropyltrimethoxysilane treated silica, 
glycidoxypropyltrimethoxysilane treated sample showed even lower intensity of silanol groups, 
indicating a more complete surface condensation reaction. In addition, the vibration peak of –
NH was also detected between 1500 and 1700 cm−1 in aminoethyl-
aminopropyltrimethoxysilane treated silica [60]. 
Ray and Bhowmick studied the surface treatment of another grade of fumed silica with a vinyl 
(methacrylate) functional silane. The FTIR spectra of the silanated sample exhibited new peaks 
attributable to the presence of silane molecules. These are  peaks at 1735 cm_1, due to C=O 
stretching vibration for saturated aliphatic esters and at 1467 cm_1 due to -CH2- scissoring and 
CH3 asymmetric bending deformation are observed, which confirm the presence of acrylate in 
silane molecules. Also in the silane treated silica samples, there was a shift of 3 cm-1 the peak 
at 1102 cm−1 due to SiO-O-OSi stretching vibration. This was attributed to the interaction of 
the silane coupling agent on the silica surface [43]. 
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Figure 2-5: Different mechanisms of MPS silane reacting to the silica surface 
(Redrawn from [54]) 
 
 
2.2.2.3 NMR studies of surface treated fillers 
 
The application of solid state NMR in the area of filler interaction with other molecules such as 
silanes is very useful technique. However the literature available in the field is quite limited. 
Below are some studies about the interaction of filler surface –OH groups with silane silanols 
investigated by solid state NMR by other researchers. 
Derouet and co-workers used solid-state NMR to characterize surfaces of silica gels (denoted 
as Ko) [39]chemically modified by alkenyltrialkoxysilanes (VTES) and trialkoxysilyl 
terminated 1, 4-polyisoprenes (ATES). The formation of covalent bonds created between 
alkoxy functional groups from alkenyltrialkoxy silane (VTMS), and or trialkoxysilyl-
terminated 1, 4- polyisoprene (ATMS) and silanol groups on silica was clearly demonstrated by 
means of 13C and 29Si CP/MAS NMR spectroscopy. The peaks Q2, Q3 and Q4 were observed 
for the non-silanated silica surfaces.  
After surface treatment of silica with silanes, the intensities of Q2 and Q3 were reduced with 
increase in intensity of Q4. Furthermore reaction of silane molecules with filler surfaces 
resulted in few different chemical bonds shown in Figure 2-6. These chemical bonds give rise 
to new peaks, noted in NMR as T components mainly T1, T2, and T3, with chemical shift 
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numbers of -48 ppm, -56 ppm and -65 ppm respectively [39]. The T1, T2, and T3 structures are 
the result of the reaction of one, two, and three alkoxy groups irrespective of any type of silane 
molecule with silanols at the silica surface. The presence of these peaks was attributed to the 
silica surface being effectively chemically modified by the alkenyltrialkoxy silane reagent. The 
reaction of silica surface silanols with trialkoxysilyl functional groups also created three types 
of structure on the silica gel surface as was expected. Their results are shown below in Figure 
2-7. 
 
Figure 2-6 : Chemical bonds formation (with their NMR peaks affirmation) after 
silanation of filler surfaces [39] 
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Figure 2-7: 29Si CP/MAS NMR spectra of alkenyl-bonded silica gels; (K0 ) ungrafted 
silica, (a) VTES, (b) ATES, (c) VTMS, and (d) ATMS [39] 
 
Similar results were obtained in other study by Luo and co-workers. They found that Q3 was 
decreased and Q4 was increased although only one new peak T3 evolved after silane treatment 
of silica gel particles [34].  Simonutti and co-workers reported the reduction of Q2 and Q3 and 
an increase in the Q4 intensity after silane surface treatment of a grade of silica used in rubber 
composites. They concluded that the higher the reduction in Q2 and Q3, the better the surface 
coverage by silanes [45]. 
 
2.3 Studies on the Mixing conditions of filler into the matrix 
 
The importance of processing equipment cannot be neglected in preparation of polymer blends 
or composites. They play a major role at laboratory level and industry level. Researchers have 
used different types of equipment such as internal mixers (eg. Barbender Plasticorder, Haake) 
and extruders (eg. Barbender twin-screw extruder, DSK42/7) to incorporate filler into the 
polymer matrix. Processing parameters, such as temperature, time, and shear rate, can alter the 
characteristics of polymer blends or composites.  
The effect of processing equipment on mechanical properties was studied by Rozman and et al 
[63]. They reported that composites of oil palm empty fruit bunch and PP produced by an 
internal mixer displayed higher tensile strength, tensile modulus, and impact strength than with 
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those produced by extrusion. The better performance was attributed to the higher residence 
time of the internal mixer, which produces better compounding and improves the wetting of the 
filler surface. 
 Hattotuwa and co-workers studied the effect of processing equipment such as an extruder and 
an internal mixer on the properties of the composites of PP and rice hull powder. In the same 
study, they also investigated the effect of processing parameters in particular an internal mixer 
such as mixing time, shearing speed and temperature. They concluded that an internal mixer 
allows more control of parameters especially residence time while changing the shearing rate 
which is not possible in an extruder. High shearing and higher residence time would results in 
better dispersion and distribution of filler and higher quality of mixing without degrading the 
polymer [64]. 
Chaudhary conducted a detailed study of the effect of the mixing parameters (such as time 
temperature and shearing) on composites of RHA/PP using a twin blade internal mixer. The 
study suggested that there is an interaction effect between some of these parameters rather than 
single parameter effects on the tensile properties of the composites and the crystallinity of the 
matrix. This research also showed that there is an optimum value of the composite performance 
to an optimum degree of interaction of these parameters, with a moderate mixing time and 
temperature being the best [65]. 
2.4 Studies on the Mechanical Properties of composites focusing on 
silica 
 
Mechanical properties of polymeric composites are very important in terms of the applications 
and product commercialisation. The more commonly applied and accepted mechanical tests or 
parameters for all material types including composites are tensile modulus and strength, 
compression modulus and strength and flexural modulus and strength. Other mechanical 
properties are impact (Izod and Charpy), where the materials are subject to loads applied for a 
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very short time and the response is an indication of brittleness or ductility of the material. 
Theses properties of polymers and polymeric composites are discussed in more detail below. 
For the description of the elastic properties of materials which are either stretched or 
compressed or the measure of its resistance to deformation, a convenient parameter called the 
Young's modulus or the tensile modulus of the material is used. Young’s modulus in the 
material’s elastic region is the ratio of the stress to the strain.Young's modulus can be used to 
predict the elongation or compression of composite specimens as long as the stress is much less 
than the yield strength of the material [66].  
Tensile strength of the material is the stress at break of a sample. It can be considered as the 
amount of energy that a sample can absorb before it breaks [9]. 
Impact testing measures the energy required to break a specimen by dynamical application of a 
load. Impact strength is one of the most commonly tested and reported properties of plastics. 
The Izod impact strength of a material is the amount of energy necessary for a swinging 
pendulum to break a notched specimen that is secured at one end. The notch in the specimen 
acts as a stress concentrator or crack growth site [67]. 
All the above mechanical properties of the composites are affected by numerous factors, 
particularly the homogeneity of the filler and polymer (distribution and dispersion of filler into 
the matrix), filler-matrix compatibility, filler characteristics such as size and size distribution 
and their effects on the various mechanical characteristics will be discussed in detail in 
systematic order in the following section of the report. 
Composites are multiphase materials. In good quality composites there are interactions of the 
phases. Just as in a chain where the weakest link dictates the strength properties of the whole, 
the mechanical behaviour of the composites is greatly influenced by the interaction between the 
various phases as often it is the weakest part. 
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If there are no physical or chemical binding between the two phases, under small strains, the 
matrix will behave as if there were voids in the shape identical to that of the filler. Under 
higher strain the deforming matrix may impress itself on the more rigid filler, thereby 
producing a mechanical friction or related effect, which will permit the filler to generate some 
growing influence on sample response. 
In cases where there is adhesion between the two phases, there is a transfer of stress from one 
phase to the other across the interface, allowing the filler to carry part of the load thereby 
providing a reinforcing effect.  
The effects of addition of fillers on the mechanical properties of the composites have been 
studied by many researchers and some relevant works are discussed below. 
2.4.1 Effect of filler loading on mechanical properties  
 
Generally addition of fillers to the matrix increased the tensile modulus of the system and 
decreased the tensile strength and impact strengths [28, 55, 68, 69]. 
Han-Seung and co-workers and Chaudhary and co-workers investigated the effect of filler 
loading (10 to 40wt%) of rice-husk flour (RHF) and RHA with particle size ranging from 10-
50 µm on the mechanical behaviour of its composites with PP. The work showed that tensile 
modulus improved with increasing filler loadings. However tensile strength, notched and 
unnotched Izod impact strengths were lowered by the addition of these fillers. The increase in 
the tensile modulus was attributed to the presence of the rigid filler materials in the matrix 
where the decrease in the tensile strength and impact strength was attributed to the lack of 
stress transfer from the one phase to the other. Chaudhary also studied the effect of filler 
loading and particle size on the mechanical properties of the composites. The filler loadings 
ranged from 20-40 wt%. The increase in filler loading from 20 to 40wt%resulted in an increase 
of tensile modulus by 46%. The particle sizes studied were 47 and 22 µm. It was reported that  
smaller particles can disperse and distribute better in the matrix given that there is no 
agglomerates due to higher particle-particle interaction [2, 56]. 
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Hattotuwa and co-workers reported a study comparing the mechanical properties of rice husk 
powder (RHP) filled PP with talc filled PP composites. Both fillers were incorporated to the 
composites at loadings ranging between 15 to 60wt% with particle size ranging between 20 to 
30 µm.  Increased filler loadings resulted in increased modulus and decreased strength of 
composites. This increased modulus was because of the filler particles increasing rigidity of the 
system and decreased strength of the system was attributed to the discontinuity of the polymer 
phase. However RHP composites exhibited lower yield strength, Young’s modulus, flexural 
modulus and higher elongation at break than talc composites and was attributed to the nature of 
fillers and their interaction with the matrix [70].  
Another study by Chun and co-workers looked at the effect of using nanosized non-porous 
silica as filler in PP on the mechanical properties of the composite. The results of tensile tests 
indicated that the nanoparticles simultaneously provided stiffening, strengthening and 
toughening effects even at low filler levels (0.5 to 5wt%) and this superior performance to 
other silicas was attributed to the nanometre range particle size and high contact surface area of 
the silica [71].  
It can be concluded that adding some fillers into the matrix increased the tensile modulus and 
decreased the strength of the materials, whereas some fillers improved both stiffness and 
strength of the composites. Filler properties such as particle size and shape, loading volume and 
its interaction with matrix, play important role in effecting mechanical properties of the 
composites. 
The poor mechanical properties of the composites sometimes can be attributed to the lack of 
compatibility between the filler and the polymer matrix, resulting in the discontinuity between 
the phases. Most fillers of metaloid nature including silicas are hydrophilic where the polymers 
are hydrophobic.  
A common method of enhancing compatibility between filler and matrix to improve 
mechanical performance is the surface treatment of the fillers to make them more hydrophobic 
before application into the polymer matrix. Another approach of improving the filler matrix 
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adhesion is to add a polymer based functionalised additive such as maleic anhydride 
functionalised polymer to the system where the anhydride groups can react with filler 
functional groups such –OH and the matrix can be compatible with the polymer end of 
coupling agent. Some relevant studies carried out on the effect of filler treatment with various 
coupling agents on the mechanical behaviour of the composites are described below. 
2.4.2 Effect of surface treatment of filler on mechanical properties  
 
Silanes are chemical molecules that improve the compatibility between the polymer and filler 
by acting as a bridge between the two phases. They consist of silicon-based chemicals that 
contain two types of inorganic and organic groups in the same molecule. These are the alkoxy 
groups (hydrolysable) such as ethoxy and methoxy, which can undergo reactions with fillers, 
and the organo-functional groups such as vinyls, epoxies and aminos, which are compatible 
with polymers. Silanes can be applied via dry method or method. The former method is where 
silanes are applied direct to filler in the absence of any medium during the mixing process of 
filler and matrix. The later is more commonly applied and preferred because it can provide 
higher wettability. The wet method can be carried out in a medium such us water or aqueous 
solution of solvents such as ethanol, methanol and water. Silane agents are hydrolysed in the 
presence of moisture where the organosilanes are transferred to silanols and these silanols react 
with the hydroxyl groups on the filler surface.  
Fuad and co-workers reported the potential application of RHA (particle size of 40 µm) as a 
filler in PP and studied the effect of titanate, zirconate and silane coupling agents on the 
composite properties. Silane coupling agents improved the tensile strength most (31 and 40% 
for 30 and 40wt% filler loading), while the impact properties were enhanced more (15% for 30 
and 40wt% of filler) for by the titanates and silanes. Zirconates increased (by 10%) the stiffness 
of the composites but only at a very high filler loading of 40wt % [72].  
Another study by the same researchers, reported a comparison of the use of wax and silane 
(different grade to the one used in previous study with similar particle size) as coupling agents 
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for PP/RHA composites. Silanated composites showed reduced mixing torque and improved 
tensile strength, and showed increasing flexural modulus with filler loading. The impact 
strength and elongation at break values, however, dropped rather low, attributed to 
embrittlement to achieve higher stiffness. Wax as a coupling agent was unsuccessful, attributed 
to compatibility problems [12]. 
Chaudhary and co-workers investigated the mechanical properties of RHA/PP composites with 
two grades of silane, vinyl and amine based. The mechanical properties slightly improved with 
these silanes more so the vinyl silane (8% and 5% for vinyl and amino based respectively). The 
authors hypothesised that the unexpectedly low improvements were because of incompatibility 
between RHA and PP. RHA has high surface energy and high impurity content [56]. 
In another study, Liang and Li looked at the effect on glass beads (which are similar to silicas 
in that they both have -OH surface functionalities) of surface treatment with silane coupling 
agents at various filler loadings and the mechanical properties of the glass beads composites 
were investigated. The authors concluded that addition of silane increased both tensile modulus 
and the strength of the system when compared to the untreated system. Higher loading of filler 
was also possible with the surface treatment of filler due to reduction in surface energetic but 
the increase in the filler loading resulted in a decrease in the strength of the composite due to 
the stress concentration effect [36]. 
Generally all surface treatment of fillers improves its interaction with the polymer. This results 
in enhancements in the mechanical properties particularly the strength of the composites 
because of better stress transfer. The extent of interaction of these agents and fillers differs in 
different system. This is attributed to variation in chemical structure and functionality of the 
surface treatment agents as well as the nature of fillers. 
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2.4.3 Effect of MAPP coupling agent on mechanical properties 
 
Another common practice of improving filler matrix compatibility is the addition of a polymer 
based coupling agent. The maleic anhydride grafted functional groups of polymers are the 
popular method.  
Maleic anhydride is produced by hydrolysing maleic acid (Figure 2-8). It is then grafted onto 
PP either by either reactive extrusion or in solution. As it is a polar molecule it effectively 
alters the polarity of PP and thereby the potential for filler interaction with the polymer matrix. 
One hypothesis is that an anhydride functional group is grafted onto either end of a 
polypropylene chain, resulting in a more polar polymer with shorter chains due to chain 
scission during processing [73-75]. The higher the anhydride content, the higher the polarity 
and better the compatibility efficiency. A schematic diagram of anhydride grafting of PP is 
presented in Figure 2-9. 
 
Figure 2-8: Molecular structure of Maleic acid being reacted to form Maleic 
anhydride [75] 
 
 
Figure 2-9: Possible grafting mechanisms of anhydride on to polypropylene 
([75]) 
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The presences of anhydride groups promote molecular attraction between MAPP and RHA. 
The MAPP/filler coupling mechanism (shown in Figure 2-10) is attributed to hydrogen 
bonding between the oxygen atoms in the anhydride groups and hydrogen atoms present in 
filler -OH groups [76, 77]. The coupling mechanism between MAPP and the polymer is either 
chemical intermolecular bond as they have the same backbone or molecular entanglements 
[76]. 
 
Figure 2-10: Reaction mechanisms of MAPP with silica ash showing potential for 
both covalent and H-bonding [76] 
 
Karmaker and Youngquist reported an almost 50% increase in tensile and bending strength 
with the additions of 3 wt % of MAPP in a 50:50 wt % jute fibre (with surface hydroxyls) and 
PP composite. They also confirmed a good adhesion between the matrix and the filler upon the 
addition of MAPP by SEM analysis where the fibre was not recognizable in its virgin state 
[78]. 
There have been reports of significant improvements in all mechanical properties such as 
flexural strength, notched impact and toughness of biofiber/PP composites with the addition of 
as little as 2-5 wt% MAPP in an in-situ reactive extrusion with PP and biofibers [58].   
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Feng and co-workers also used MAPP in Kenaf fibre and polypropylene composites and 
reported significant improvements in impact strength, high temperature moduli and lower creep 
compliance. These improvements were attributed to the enhanced polymer filler interaction as 
MAPP reacted with –OH groups on the Kenaf fibre surface [79]. 
MAPP was used as a coupling agent in wood flour PP composites, which were manufactured 
using melt blending, extrusion and pelletizing. The research showed that upon inclusion of 
coupling agent increased tensile strength even more than that of   control specimen of PP. 
Creep strain of the composites also improved with MAPP addition compared to non coupled 
samples[80].  
Amash and Zugenmaier used MAPP as a coupling agent in their PP composites of xylan and 
cellulosic microfiber and studied their thermal, viscoelastic and mechanical properties. The 
results showed that upon MAPP addition, there was an improved compatibility and interfacial 
adhesion between filler and matrix contributing to an improvement of the mechanical 
properties specifically increase in tensile strength and impact strength [81]. 
Oksman and Clemons used MAPP as a compatibiliser in various PP/wood composite systems. 
They reported improved mechanical properties with the addition of MAPP, which correlated 
with the number of hydroxyl groups on the filler surfaces. Cellulose Kraft pulp fibres and 
dissolving pulp fibres had higher concentrations of hydroxyl groups on the surface than wood 
fibre providing more reaction sites to MAPP. This resulted in better compatibility between the 
fibres and PP and demonstrated better mechanical properties than PP/wood flour composites 
[82]. 
MAPP coupling agents have been successfully used in application as a coupling agent for 
various fillers. It is observed that the mechanical properties, particularly the strength of the 
composites are increased when MAPP is added to the system. This is because of the improved 
surface interaction of filler and polymer in the presence of coupling agents and the transfer of 
stress from one phase to the other. 
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2.5 Studies on the Rheological Properties of composites 
 
The advantages that filled polymers or composites have to offer most of the time if not all 
offset to some extent by the increased complexity in the rheological behaviours that is 
introduced by the inclusion of the fillers. Where the incorporation of fillers brings about 
desired enhanced properties to the matrix such as mechanical and thermal, when added in large 
amounts introduces processing difficulty, whereby the addition of such particulates causes 
significant increases in the viscosity of matrix. Thus, to obtain the best end properties of the 
composite product and to optimise processing conditions, understanding of the rheology of 
filled melts systems are very important. The unsteady shear characteristics are mainly 
discussed with respect to small amplitude oscillation. The importance of these characteristics is 
more common with the higher filler loadings as steady shear measurements are not reliable and 
reproducible. So far most composites are in the lower filler loading range and hence more 
literature is available on the steady shear characteristics. 
The use of steady shear measurements for high filler loadings is not recommended as the 
material tends to fall out of the plates during experiments and the results are erroneous. On the 
other hand the small amplitude oscillation keeps the material between the plates and thus 
makes data generation possible even for highly filled systems. However it is at no time 
restricted to highly filled systems. Its applications have been successful for low filler loading 
systems in the recent years. 
Infact the dynamic rate and dynamic strain sweeps can be very useful in understanding the 
internal structure of the system. This report is more focused on the dynamic rheology of the 
composites of polymeric nature and the literature provided is mainly on the oscillatory studies. 
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2.5.1 Unsteady State (Dynamic) Rheological Properties 
 
Dynamic measurement is a very useful technique for investigating the structure of delicate 
materials over a short and medium period of time. It is successful as it deals with the material 
in a state of unperturbed structure at small deformation. It provides useful information on the 
microstructure of the material being investigated as well as the processability of the material. 
The characteristic of the frequency test are complex viscosity (η*), storage modulus (G’), loss 
modulus (G”) and tangent delta (ratio of G” over G’). These are discussed below in more 
detail. These parameters are good indicators of the level of filler dispersion in a matrix. 
Storage modulus (G’): (measure of the elasticity of the system) 
 When a sample is subjected to a sinusoidal shear deformation, G’ is defined as the stress in 
phase with the strain divided by the strain .It is a measure of the energy stored and recovered 
per cycle. 
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Equation 2-3 
 
 
Where δ is the phase angle. 
Loss modulus (G”): (measure of the viscous response of the system) 
G” is defined as the stress 900
 out of phase with the strain divided by the strain. It is a measure 
of the energy dissipated or lost as heat per cycle of sinusoidal deformation. 
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Equation 2-4 
 
Complex modulus (G*): G* is a measure of a material’s overall resistance to deformation and 
is the ratio of the complex stress and complex strain. 
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Equation 2-5 
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Loss angle (tanσ): tanσ is the ratio of the loss modulus (viscous response) to the storage 
modulus (elastic response). 
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ω
ωδ
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G
=  
Equation 2-6 
 
Dynamic viscosity (η’):η’ is the real or in-phase component of the complex dynamic viscosity 
and is the ratio of the loss modulus and frequency: 
ω
ω
ωη )()('
''G
=  
Equation 2-7 
 
Complex viscosity (η*): η* is a measure of the material’s overall resistance to flow, which is a 
function of shear rate. It can be obtained from the vector sum of the elastic (η‘) and viscous 
(η”) dynamic viscosities.    
)"'(* ηηη i+=  Equation 2-8 
 
and  
ω
ωη )(** iG=  Equation 2-9 
 
When doing strain sweep test, a graph of storage modulus (G’) vs. percentage strain at lower 
frequency can give a good indication of the homogeneity of the system. Decrease in G’ with 
percentage strain is due to structural breakdown of the sample. 
When doing a frequency sweep test, it is important to stay in the linear viscoelastic region of 
the material by keeping the strain small. The presence of agglomerates will be indicated by the 
presence of a yield point at low frequency and the G’ value will be higher and will increase 
with increase in frequency exhibiting more sold like behaviour. The cross over point i.e. tan 
delta will also be lower [83]. 
As mentioned earlier, there has been extensive work done on the steady shear properties of 
filled (including silica) polymeric systems. However the number of studies on dynamic 
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rheological properties of polymeric composites is limited. The few relevant studies on the 
influence of inclusion of filler and its bonding with polymer matrix and the impact of surface 
treatment of filler and coupling agents on unsteady shear viscoelastic properties of the 
composites are discussed below. 
2.5.1.1 Effect of filler loading on rheological properties  
 
Rheology is significantly affected by various physical properties of the filler, such as the 
filler’s geometry, particle size, chemical structure, filler loading, and the dispersing medium. It 
is affected by the chemical structure of the filler and the dispersing medium because of 
variations in particle–particle and particle–matrix interactions with modification in chemical 
composition. It has been postulated that if particle–particle interactions are stronger than 
particle–matrix interactions, agglomerates or aggregation of particles may occur with 
aggregation increasing with the amount of filler. As the size of the filler agglomerates increase, 
more matrix molecules are immobilised as they become trapped between filler particles. This 
results in an enhancement of effective filler content and gives a higher viscosity and moduli 
[84]. With an increase in shear rate, some agglomerates are broken down and the viscosity of 
the system decreases. Therefore such filled systems exhibit shear thinning behaviour. On the 
other hand Agarwal and Salovey observed a reduction in the viscosity and moduli for a system 
with the filler well bonded to the matrix (upon using coupling agents). This effect was 
attributed to better interaction between filler particles and matrix and reduction of interaction 
between particles which enhanced filler dispersion or reducing agglomeration. Increased 
dispersion tends to reduce viscosity [84]. 
These contradicting effects observed by few researchers, emphasis on the point that the effects 
of chemical interactions on these parameters are very complex. 
White and co- workers studied the effect of filler on the rheology of the matrix using several  
different fillers such as calcium carbonate, talc, mica and glass beads and a  few polymers such 
as polypropylene, polyethylene and polystyrene. An aim of that study was to evaluate the effect 
of filler shape on the rheological properties. It was concluded that addition of any filler 
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increased the moduli as well as the viscosity. The shape of the filler also influenced the results. 
The particulate type of filler had the least effect. The increase in complex viscosity, η* of the 
system was attributed to the resistance of the solid filler particles to deformation and the 
increase in G’ was attributed to the ability of filler particles to store energy [85]. An increase in 
η* and G’ under oscillatory shearing would indicate presence of bonds between the polymer 
and filler particles. Stronger bonds would result in more resistance to deformation because of a 
better transfer of stress (caused by shearing) from the filler to the polymer phase [86-88].  
Lozano and co-workers used oscillatory or dynamic rheological methods to analyse the 
introduction of vapour grown carbon nano-fibre as a filler in PP. Their results suggested an 
increase in storage modulus and viscosity with increase in filler loading. Their postulated 
theory is that in low-concentration composites, the storage modulus enhancement is attributed 
to stiffness imparted by the fibres that allow efficient stress transfer, which is controlled mainly 
by the matrix/fibre–matrix interface rather than by the reinforcing fibres. Beyond threshold 
concentration, the modulus enhancement is mainly attributed to the interconnected nano-fibre 
network structure within the matrix. However this behaviour is generally observed in fibre 
filled polymeric melts [89]. 
Rochette and co-works studied the dynamic rheological response of increasing filler loading (5-
40 wt %)[90] of mica in a PP system. It was reported that at lower loadings of mica frequency 
did not significantly affect the complex viscosity or the storage modulus. Moreover a 
significant increase was observed at the higher filler loading of 20wt% across the whole 
frequency range attributed to a well dispersed system and at 30wt% and 40wt% at the lower 
range of frequency. The latter behaviour was attributed to more particle-particle interaction 
leading to aggregation than particle-polymer interaction. At higher frequencies the differences 
were distinguished, attributed to decreased particle interaction due to dispersive forces at high 
shearing [90]. The same author also used a Cole-Cole plot of viscosity (widely used in blend 
systems to study the existence of polymer phases in blends) to study the degree of homogeneity 
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of the systems with increasing filler loading. The results exhibited significant differences with 
increasing loading of filler especially at higher loadings and higher frequencies. 
Agarwal and Salovey studied a rather different (but analogous) system of filler and matrix 
where polystyrene (a rigid polymer) was dispersed in polymethylmetacrylate (a soft polymer). 
It was reported that there was an enhancement in steady shear viscosity and dynamic moduli, 
due to the presence of high modulus particles as well as agglomerate formation for preferential 
particle-particle interaction [84]. 
In other study by Lakdawala and Salovey, the effect of increasing content of carbon black on 
polystyrene and polymethylmetacrylate were studied. The study reported that addition of 
carbon black particles up to 30wt% increased the rheological properties especially at the lower 
frequency range, attributed to particle network formation. Similar trends were seen in both 
polymeric systems and at 3 different temperatures. However viscosity and moduli of the 
systems decreased with the incorporation of 40wt % of carbon black. This was attributed to 
debonding between the filler and polymer leading to a plasticisation effect. This effect was 
more prominent for higher shear rates and higher temperatures [91]. 
Zheng and co-workers have also studied the effect of Sn-Pb alloy particles in polystyrene at 
different temperatures and have reported that increasing the filler content increased the 
dynamic parameters of the composites and the effect was more pronounced at lower 
temperatures. The use of a Cole-Cole plot (of the real dynamic viscosity versus the imaginary 
part) was also employed in this research to study relaxation mechanisms and times for the filled 
polymer melts. It was observed the relaxation time increased with increasing filler loading and 
the form of Cole-Cole plot changed from semi circular (more like a virgin polymer) to linear. 
The incorporation of rigid particles retarded the relaxation process of polymer melt and 
increased the elasticity to viscosity ratio of the composites [92]. 
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2.5.1.2 Effect of surface treatment of filler on the rheological properties 
 
Treatment of filler surfaces with chemical agents such as stearic acids, silanes, and titanates etc 
have been in practice for a long time in the composites industry. The main purpose of the 
treatment is to improve filler-polymer compatibility as well as improve the dispersion of the 
filler particles in the matrix. 
Kim and co-workers studied the rheological properties of polymeric composite systems of PP 
with talc and calcium carbonate fillers. The fillers were surface treated with stearic acid to 
enhance compatibility with the matrix. The composite’s dynamic rheological properties were 
studied. The composites showed higher viscosity and moduli for both fillers when coated 
compared to uncoated. Talc coated systems showed more property enhancement than the 
calcium carbonate coated systems [93]. 
Another study of dynamic rheology of mica filled PP composites by Rochette and co-workers 
found enhancement of rheological properties of the system when the mica surface was treated 
with silane coupling agents. In this study the presence of coupling agent was reported to 
improve the homogeneity of the composites, its elastic modulus and an increase in the affinity 
of PP for mica. The relaxation mechanism was analysed with a reduced Cole-Cole plot of 
viscosities, and this showed evidence of improved homogeneity with use of surface treatment 
(the arc of the composites was much closer to that of the virgin polymer). There was a limit of 
30wt% in untreated mica concentration, at which a new mechanism of relaxation appeared. 
This shifted up to 40wt% when mica was treated [90]. 
There is no denying that the effect of the surface treatment of fillers on the dynamic response 
of the composites is significant. However the method of coupling agent application and the 
type of filler and polymer as well as their compatibility has produced various results, some 
being contradictory (pp.361-372) [83]. Han and co-workers studied calcium carbonate, mica 
and glass beads with PP and polystyrene with a titanate coupling agent. They observed that 
surface treatment of calcium carbonate and mica resulted in better dispersion and reduced 
viscosity where the glass beads showed enhanced viscosity and dynamic moduli upon surface 
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treatment. Strong interactions between matrix and filler particles tends to increase the viscosity 
and moduli as polymer strongly bonded to or adsorbed on the filler surface restricts the 
mobility of the polymer matrix. However, better interaction between polymer matrix and filler 
particles also reduces the interaction between particles and produces a better dispersion or 
reduced agglomeration. Increased dispersion tends to reduce viscosity [86, 87]. The effect of 
dispersion was described by Shenoy as “It is only that a good dispersion of the filler into the 
matrix would be achieved and presence of yield at low frequency due to the addition of filler 
initially will disappear or reduced significantly”[83]. 
In summary, a firm conclusion is hard to make about the effect of application of coupling 
agents on the unsteady shear viscoelastic properties of a system. It is dependant on many 
variables such as filler type, matrix type, their affinity towards each other and the type of 
compatibiliser employed. 
2.5.1.3 Effect of MAPP coupling agent on the rheological properties 
 
Another common practice for improving filler matrix compatibility is the addition of a polymer 
based coupling agent. Using a polymer grafted with maleic anhydride functional groups is 
popular. In these coupling agents the maleic anhydride groups can undergo reactions with filler 
surfaces, where the polymer end (normally with the same backbone as the matrix) can either 
entangle with or chemically attach to the main polymer. 
Mohanty and Nayak studied the dynamic and steady state viscoelastic behaviour of a PP and 
sisal composite system with and without a maleic anhydride grafted PP (MAPP) coupling 
agent. It was reported that the viscosity of the composites increased with the incorporation of 
fibres. The composites treated with MAPP showed enhanced viscosity values and the dynamic 
moduli of the system were also increased, attributed due to improved fibre matrix adhesion 
[94].  
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2.6 Studies on the Thermal Properties of composites 
 
 A thermal study of composites is a useful tool in understanding the composite’s bulk 
properties and the interaction of filler and polymer matrix. The bulk properties of semi-
crystalline polymeric composites are strongly influenced by their crystalline structure and the 
relative amounts of amorphous and crystalline phases. Introduction of a second component 
such as filler into a polymer can provide a nucleating agent that affects both the crystalline and 
amorphous structure. Generally, the fine spherulitic microstructure produced in PP by adding 
nucleating agents gives rise to greatly enhanced ductility and strength [95]. The performance of 
nucleating agents is generally determined by three factors: a) surface activity of the filler, b) 
topology of the filler and c) surface modification [96]. Many researchers studied the nucleating 
effects of fillers (a function of filler surface reactivity to polymer matrix) by studying the rate 
of crystallisation and fraction of crystallinity of the matrix. Some relevant studies are reviewed 
in the following section. 
2.6.1 Effect of filler on the crystallisation of matrix 
 
Chaudhary and co-workers reported an increase in the peak crystallisation temperature by 
around 10°C and an increase in the rate of crystallisation when RHA particles were added to a 
PP matrix. It was concluded that RHA was a good nucleating agent despite the relatively small 
mechanical improvements reported in the same study [65]. 
Feng studied the crystallisation behaviour of PP with Kenaf fibre (which are similar to silica, 
with surface –OH groups) and reported an insignificant effect on the rate of crystallisation as 
well as % crystallinity of the matrix. This was attributed to the non-compatibility of the filler to 
the polymer [79]. 
Ren and co-workers studied the fillers CaCO3 and BaSO4 and talc in a PP matrix and reported 
increases of crystallinity (in varying degrees) with increase in the loading of all these fillers. Of 
all three, talc was the most active nucleating agent and the other two were characterised as 
weak nucleating agents. This was attributed to the dependency of the crystallinity of 
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composites on the physical and topological characteristic of the fillers [96]. Similar results 
were obtained for talc filled PP composites and a saturation concentration of 2wt% was 
observed for the talc, above which there was no increase in the crystallisation temperature. This 
behaviour was attributed to the surface reactivity (nucleating efficiency) of the filler [95]. 
Maiti and Mahapatro used a metallic filler (with surface –OH groups), Ni, in a PP matrix. They 
reported reduced % crystallinity and a significant decrease in the rate of crystallisation up to a 
certain concentration of filler, above that an increase in the rate of crystallisation was observed 
with little effect on crystallinity, just in a large number of spherulites of smaller size. This 
changed to a decrease in all properties when the filler loading was further increased [97].   
2.6.2 Effect of surface treatment and coupling agent on the crystallinity 
 
Surface treating agents such as silanes and titanates and MAPP coupling agents have been 
shown to affect the crystallisation properties of the matrix significantly. Many researchers have 
studied the effect of improvements in compatibility of filler and the matrix through their 
nucleating activities and crystal spherulite formation rate and size. Some of these studies are 
summarised below. 
Ren and co-workers studied the crystallisation mechanism of surface treated fillers such as 
CaCO3, BaSO4 and talc with silicone and titanate chemicals in a PP matrix. The fillers had 
similar trends but insignificant effects on the PP crystallisation rate and size of spherulites in 
their composites. However it was concluded that silicone, a nonactive coupling agent, was a 
more effective modifier than titanate, an active coupling agent, in enhancement of crystallinity. 
This was attributed to a change in surface energetics and the better dispersion of filler resulting 
in better growth of crystals [96]. 
Valesco and co-workers studied the effect of surface treatment of talc with a silane coupling 
agent. They reported an increase in crystallisation temperature of the composites with an 
increase in the concentration of silane. Hence the nucleating effect of talc on PP was increased 
by surface modification [95]. 
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The use of a coupling agent such as MAPP was studied in the composites of Kenaf and PP by 
Feng and fellow researchers. A coupled composite had slower crystallisation rate than an 
uncoupled composite. This behaviour was attributed to better adhesion between the polymer 
molecules and the Kenaf fibre, resulting in restricted molecules [79].  
Yuan and co-workers reported an increase in the % crystallinity of newspaper flour and PP 
composites when MAPP was used as a coupling agent. They attributed this to the co-
crystallisation of PP segments of MAPP with PP thus nucleating the filler on PP [98]. 
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2.7 Studies on the Morphological Properties of composites 
 
Uses of microscopy of any kind such as Scanning Electron Microscopy (SEM), Electron 
Scanning Electron Microscopy (ESEM), and Transmission Electron Microscopy (TEM) are 
commonly used to characterise the morphology of polymer composites and blends. Many 
researchers have used these techniques to understand better the interfacial bonding of matrix 
and the filler components for all kinds of matrices and filler combinations.  
The quality of results of any of these methods is highly dependent on the matrices, the fillers 
and the combinations that are used. The best choice method will be driven by what is required 
or desired to be observed. For example the TEM provides images of bulk properties where the 
SEM and ESEM are particularly good for surface studies. 
2.7.1 Effect of Fillers on the polymer matrix morphology 
 
Yang and Kim studied the morphology of composites of PP with wood flour and rice hull flour 
using SEM. They concluded that the interfacial bonding between the PP and those fillers was 
weak due to the presence of cavities and no pull-back of filler particles by matrix [99].  
Two separate studies employed SEM to investigate the morphology of PP and PP composites 
with glass and wood fibres. The glass fibres clearly showed breakage in the fibre indicating 
good bonding between the filler and the matrix. The wood fibres composites showed breakage 
at the matrix interface indicating weak bonding between the polymer and the filler [57].  
Sae-Oui and Thanmathorn employed SEM to study the particle shape as well as the porosity of 
the two grades of RHA, high and low carbon content. They published images of RHA particles 
with very clear large pores and attributed the shortcomings in the mechanical performance of 
their composites to the presence of these pores acting as stress concentration voids [44]. 
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2.7.2 Effect of surface treatment and coupling agents on morphology 
 
The use of coupling agents such as maleic anhydride grafted polymers and surface treating 
agents such as silanes is very common in improving the compatibility of hydrophilic fillers 
with hydrophobic polymers. The interfaces of the fractured surfaces of the composites with 
surface treatments and coupling agents (if successful application is achieved) exhibit different 
morphology to that of non-coupled systems. Bikiaris and co-workers reported the use of two 
coupling agents, amino silane and MAPP, in glass fibre PP composites. The SEM micrographs 
showed fracture within the matrix indicating improved bonding compared to untreated 
composites. The addition of MAPP to these composites appeared to improve the interfacial 
interaction far more than the silane surface treatment, evidenced by the large contact area seem 
in SEM micrographs of the composites [57]. Similar results were observed from SEM 
micrographs in a study of wood fibre PP composites by Fernando and co-workers. The MAPP 
coupled samples exhibited better interaction as evidenced the presence of fibre pull-out at 
fracture surface [100].  
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3 Chapter 3:  Experimental Materials, Equipment and 
Procedure 
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This chapter contains information about the materials used and the methodology employed in 
completing this project. 
  
The general steps taken for carrying out the experimental work for this project are outlined 
below: 
• Raw material acquisition 
• Physical characterisation of RHA  
• Design of experiment and processing of RHA-polymer composites 
• Thermal, mechanical, rheological and physio-chemical characterisation of the 
composites samples. 
• Data analysis 
This chapter aims to describe and discuss the various materials, experimental equipment 
and procedures that were used throughout the study. This includes details of sample 
preparation and principles of methodologies used in the course of experimental work and 
analysis of data as well as data limitations. 
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3.1 Materials 
 
The materials that were mainly used in the production of these composites were rice hull ash 
(RHA) and polypropylene (PP). The two phases were not compatible due to polymer being 
hydrophobic and filler being hydrophilic. Maleic anhydride grafted polypropylene (MAPP) 
was used as a polymer based coupling agent and two types of silanes, 3-Aminopropyltriethoxy 
(APS) and Methacryloxypropyltrimethoxy (MPS), were used for RHA surface treatment.  
3.1.1 RHA 
 
RHA was supplied by Sunrice (formerly known as Rice Growers Co-operative Ltd.). RHA is 
amorphous silica with 4% carbon. The carbon is an impurity as the result of the combustion 
process to make ash from rice hulls. The ash is washed in HCL solution of pH~ 4.5 to reduce 
the level impurity. Washed ash was used for most of the experiments throughout the project. 
However to gain a better understanding of the effect of combustion  process and the  impurity 
content of RHA on composite properties a sample  was burnt at 600°C for 24 hours and 
compared to the  washed ash. 
3.1.2 Aerosil 300 
 
Degussa, Australia supplied a fumed grade of silica, Aerosil 300. It has a surface area of 300 
m
2/g and an average particle size of 7 nm. Fumed silicas have been used successfully as fillers 
in the plastics industry for many years. The main purpose of its use in this study was as a 
control sample. The physiochemical properties of Aerosil were characterised and compared to 
those of RHA. This helped understand the physiochemical properties of RHA and their effect 
on the composites of RHA with polypropylene. 
 
 
54 
3.1.3 PP 
Structurally, PP is a polyolefin; every other carbon atom in the backbone chain has a methyl 
group attached to it.  
 
 
Figure 3-1: Polymerisation of PP (http://pslc.ws/mactest/pp.htm) 
 
It is a thermoplastic material that is produced by polymerizing propylene molecules, which are 
the monomer units, into very long polymer molecules or chains. After exposing the propylene 
to both heat and pressure with an active metallic catalyst, the propylene monomers combine to 
form a long polymer chain, called "polypropylene."  
There are a number of different ways to link the monomer together. Commercial grades of PP 
are usually made with a catalyst that produces crystallisable polymer chains. These give rise to 
a product that is a semi crystalline solid with good physical, mechanical and thermal properties.  
As is typical with most thermoplastic materials, the main properties of PP in the melt state 
depend on the average length of the polymer chains and the breadth of the distribution of the 
polymer chain lengths in a given product. 
In the solid state, the main properties of PP depend on the type and amount of crystalline and 
amorphous regions formed from the polymer chains. 
As PP is semicrystalline, it contains both crystalline and amorphous phases. The relative 
amount of each phase depends on structural and stereo chemical characteristics of polymer 
chains and the conditions under which the resin is converted into final products such as fibres, 
films, and various other geometric shapes during fabrication by extrusion, thermoforming or 
molding. 
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The Homopolymer PP was used in this project (Injection molding grade: SM6100, Basell 
Polymers, Australia),has a molecular weight of 264 kg/mol with a melting temperature of 
165oC, density of 900 kg/m3 and a melt flow index of 11g/10min (230°C/16 kg). 
3.1.4 Maleic anhydride grafted polypropylene (MAPP) 
 
Fillers of metaloid nature including RHA are hydrophilic due to presence of –OH groups and 
are not compatible with the hydrophobic polymer matrix. Functionalised polymers such as 
MAPP with a hydrophilic and a hydrophobic functional group on each end of the chain are 
used as coupling agents to improve the surface interaction between the filler and the polymer. 
The MAPP (Grade: Fusabond PMZ109D) used for this project was purchased from DuPont, 
Australia. It has a molecular weight of 30.7kg/mol, melting temperature of 162oC, density of 
905 kg/m3 and a melt flow index of 120g/10 min with MA grafted content of 0.55 wt%. 
MAPP was vacuum dried overnight at 75°C prior to mixing with the RHA/PP mixture. This 
was done to remove moisture because anhydride groups are very hydrophilic and could have 
absorbed moisture from air resulting in an efficiency decrease. Known quantities (2-5 wt %) of 
dried MAPP was immediately mixed with dry RHA and polymer and was then melt mixed at 
the optimum processing conditions. Typical amounts of MAPP used were 2, 3 and 5wt% of 
filler. 
3.1.5 Silanes 
 
Silane chemicals are often used for surface treatment of hydrophilic fillers such as RHA to 
make it compatible with the hydrophobic polymer matrix. The two types of silanes used in this 
project were 3-Aminopropyltriethoxy (APS), density 946 Kg/l, Mw 220g/mol and 3-
Methacryloxypropyltrimethoxy (MPS), density 1045 Kg/l, Mw 250 g/mol from Sigma Aldrich 
Chemicals. Both these silanes were of 99.9% purity.  
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The chemical structures of the silanes used for this project are shown below: 
 
Figure 3-2: Chemical structure of 3-Methacryloxypropyltrimethoxy silane 
 
 
 
Figure 3-3: Chemical structure of 3-Aminopropyltriethoxy silane 
 
The silanation method in this study was a wet method, with water as the silanation medium. 
This method was preferred over dry application of silanes to RHA because of the presence of 
impurities such as carbon. A dry method requires very pure substrates for uniform surface 
coverage. 
 A known amount of silane (wt% of filler) is mixed in 50ml of water (excess mole ratio of 
water to silane). The solution was kept on hot plate at around 60°C. Hydrolysis of the alkoxy 
groups occurs with constant stirring for 15 minutes, RHA is then added with constant stirring 
and is mixed for another 30 minutes. The mixture is then dried in an oven for 24 hours at 75°C 
to evaporate the water. The resultant dried silanated RHA were samples were used to make 
composites by melt mixing. Typical amounts of silane used were 1, 1.5 and 2wt% of filler. 
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3.2 Experimental Equipment and Procedures 
 
In this section, the various equipment that were used to characterise the silica and make and 
characterise the composites are described. Detailed descriptions of the data analysis methods 
are also included. 
To understand the effect of filler on composite behaviour, it is necessary to understand the 
filler’s physio-chemical properties. The properties to be studied were chosen from those 
commonly reported for commercial (both silica and non silica) fillers as well as the ones 
known to have a significant contribution to composite properties. 
Characterisation of polymer composites to elucidate the two phase interaction and thereby an 
overall improvement in properties was an important aspect of this project. There are numerous 
techniques used by other researchers for polymeric composite characterisation. In this study 
tensile modulus and strength as well as impact strength was used. 
This chapter is divided into three main sections. The first section includes experimental 
apparatus and equipment used for characterisation of RHA. The second section describes the 
processing equipment used for composite preparation and the design of experiment to identify 
the optimum processing conditions. The final section describes the equipment and 
methodology used for the characterisation of the composites. Some equipment was used for 
both silica and composites characterisation. This is only described in the first section to avoid 
repetition.  
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3.2.1 RHA physio-chemical characterisation 
 
3.2.1.1 Size reduction by grinding 
 
The RHA supplied by Sunrice was very coarse with an average particle size of ~57 µm. RHA 
was comminuted in a cyclone grinder by Advanced Grinding Technologies, Bayswater, 
Victoria. The final average particle size was 10 µm. 
3.2.1.2 Particle size and distribution  
 
Silica particle size distribution of RHA was measured using a Malvern sizer (Model: 
MastersizerX v1.1, Malvern Instruments, USA). The Malvern Laser Diffraction Sizer uses the 
principle of light diffraction from particles in a liquid medium as the measurement means. A 
low power HeNe laser produces a parallel beam that illuminates the sample to give a stationary 
diffraction pattern regardless of particle movement. A Fourier transform lens focuses this 
pattern onto a multi-element photoelectric detector, which produces an analogue signal 
proportional to the diffracted light intensity. The computer then uses non-linear least squares 
analysis to find the size distribution, which gives the most closely fitting diffraction pattern. 
The result of the analysis is a size distribution by volume.  
A silica sample of around 20mg is dispersed in a water tank of 1L volume filled with clean 
water and 0.5g of dispersant (sodium tetra phosphate). The sample is constantly stirred and 
pumped through a lens fitted with a light scattering detector. The laser passes through the lens 
and the diffraction patterns are analysed to give cumulative particle size data. The constant 
stirring and sonication as well as the use of surfactant are to make sure there were no 
agglomerates. Three measurements were collected for different samples and for each sample 
three consecutive measurements were done in a time interval of 5 minutes to assure accuracy. 
The standard deviation was about 3%.  
3.2.1.3 Environmental Scanning Electron Microscopy (ESEM) 
 
RHA particle size and distribution and its interaction with the polymeric matrix with and 
without coupling agents was studied using ESEM FEI (Model: Quanta 200). ESEM is a 
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relatively new type of Scanning Electron Microscopy (SEM). Unlike an SEM, the sample 
chamber of an ESEM is not at high vacuum. The vacuum can range from 0.1-20 Torr. Electron 
energy can range from 1-30 keV. The instrument was operated using 20 KeV and 0.5 Torr 
pressure. 
For RHA, the powder is dispersed on a carbon black tape on the sample mount. For RHA 
composites samples, a tensile fractured sample was used as a test specimen. The fractured 
surface is then attached to the sample mount using a carbon black tape. Organic materials such 
as the carbon black tape and the polymer matrix look black while inorganic materials such as 
silica will look grey to white on the ESEM images. The size distribution of the silica particles 
were also analysed by scaling the particle sizes to the units of the image and the distribution of 
the samples was analysed by measuring the distance between the particles. The main limitation 
of this method is the size of the surface under study. To represent the whole sample, images of 
few different sections are used for analyses. A comparison of the results generated from ESEM 
(dry samples) to the results derived from Malvern sizer (hydrated sample) is very important to 
differentiate between the agglomerates and larger particles.  
3.2.1.4 Surface Area Analysis 
 
Surface are and porosity of filler significantly effect the interaction of fillers with other 
molecules such as silanes and polymeric coupling agents. Porosity properties such as surface 
area and pore volume of RHA were calculated from N2 adsorption-desorption isotherms. These 
were measured by Micrometrics Model: ASAP 2000 with analysis software ASAP200 V3.03 
using the BET isotherm method at a temperature of -196°C. Samples are conditioned for 2 
hours at 200 °C to remove any volatile impurities. The sample chamber is evacuated at low 
pressure and N2 is purged in.  
The BET multipoint equation (Equation 3-2) was used to calculate the specific total surface 
area, X (m2/g). This is used to calculate the -OH number per gram describe in the chapter 4 
section 4.1.5.  
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Equation 3-2 
 
Where P/Po is the relative pressures of adsorption/desorption of nitrogen isotherms at liquid 
nitrogen temperature and ranges from 0.05-1.0, W is the weight of nitrogen adsorbed at a given 
P/Po, and Wm the weight of N2 to give monolayer coverage, C is a constant that is related to the 
heat of adsorption, Ns is the Avogadro’s number and Mw is the molecular weight of the 
adsorbate. A linear relationship between 1/W [(Po/P)-1] and P/Po is required to obtain the 
quantity of nitrogen adsorbed Wm. Three samples were tested for repeatability and the results 
obtained had a standard deviation of 3%. 
3.2.1.5 Thermo-gravimetric Analysis (TGA) 
 
TG studies were a vital part of this project. They were carried out to measure the sample purity, 
estimate the silica surface -OH number and study the silanation efficiency of surface treated 
RHA. A Perkin Elmer TG analyzer (Model: TGA7/TAC7DX with Pyris software version 3.81) 
was used. TGA was calibrated for a few different heating rates including 15°C/ min. Milligram 
samples (5-10mg) of silica ash are carefully loaded into a pan and subjected to a constant 
heating rate of 10°C/min from 50°C to 800°C in an inert atmosphere (N2). Slower rates of 
heating, such as 6°C/ min, 5°C/ min, and 3°C/ min, were also tried to observe if there was any 
rapid reaction overseen with 15°C/ min. The results were all very similar and no significant 
effect was observed. Weight loss against temperature is recorded. Automated baseline 
correction is used, and the fractional weight loss between two given temperature points is 
found graphically. Two runs of the same sample of similar mass are run to check repeatability. 
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The standard deviation of weight loss is 2%. The sample weight loss between 350 and 800°C 
corresponds to the amount of condensation water lost from -OH groups, and these can be used 
to calculate the number of the -OH groups [19], [40]  [38]. Because the condensation of two -
OH groups gives one water molecule, the number of -OH groups can be calculated as per 
(Equation 3-3) [40, 65]. 
 
No. of -OH groups/(nm2), n  
XW
b
3
1000*2
=
 
 
 
Equation 3-3 
 
 
Where    X= BET surface area (m2/g) 
W = Weight of the samples 
                        b= mass of water due to -OH condensation 
The assumption with this method is that all -OH groups are adjacent and/or in the close vicinity 
of each other to be able to react and condense to water molecules. The real -OH numbers might 
be higher as remotely located -OH groups can not participate in the condensation reaction.  
3.2.1.6 Diffused Reflectance of Infrared Fourier Transform (DRIFT) 
 
DRIFT is a technique uniquely suitable for filler and composite analysis. It was used in this 
study to investigate the silica surface functionality, in particular the -OH group density before 
and after silanation. The measurements were performed using a Perkin-Elmer Spectrometer 
(Model: 2000).The data were collected with analysis software Spectrum Version: 2. 
Diffuse reflection arises from radiation penetrating into the interior of a sample and re-
emerging after being scattered numerous times. Selected wavelengths are absorbed and the 
diffuse component contains information relative to the sample's structure.  
Silicas are ground to a very fine powder in a ceramic mortar and pestle manual grinder. The 
very fine ground sample of approximately 0.2mg is diluted with KBr and ground further to 
narrow particle size (large particles scatter the infrared beam and cause a slope baseline of 
spectrum). The samples were vacuum dried for 1 hour at 70°C to remove any absorbed 
moisture and then put in the sample holder. A background scan was taken with KBr only in the 
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sample holder and was replaced with the ground mixture of samples. A total of 16 scans were 
taken for each sample with a resolution of 4 cm-1 within the range of 400-4000 cm-1. Various 
functional groups of materials such as silicas are ascribed to bands and peaks at different 
wavelengths. The presence of –OH groups (3200-3700cm-1) in the various silicas are detected 
and compared. The limitations of this technique are that the quality of the spectra is highly 
depended on the sample preparation. The hygroscopic samples such as silica especially Aerosil 
if exposed to moisture will give a broad peak due to water at the same region of –OH groups 
and the spectra can be misleading. Three samples of each silica were measured for accuracy to 
a standard deviation of 1%. 
3.2.1.7 Solid State Nuclear Magnetic Resonance (NMR) 
 
Solid state NMR is a very new and powerful technique in chemical analysis of inorganic 
materials in the solid state. Solid state NMR was chosen for chemical and molecular analysis of 
RHA in this project because NMR spectroscopy is sensitive to chemical environments of the 
silicon atom, more importantly in detection of different types of -OH functional groups. This 
was important to verify results from other techniques such as FTIR and TGA.  
High resolution solid-state 29Si magic-angle-spinning (MAS) NMR data were acquired at 
ambient temperature using an MSL-400 NMR spectrometer (Bo = 9.4 T) operating at a 29Si 
frequency of 79.48 MHz at ANSTO by Mr John Hanna and Dr. Kevin Pikes. Their efforts and 
valuable guidelines are highly acknowledged. These 29Si MAS NMR data were acquired using 
a Bruker 7 mm double-air-bearing probe with cross-polarisation (CP-MAS) and single pulse 
(Bloch decay) methods, both of which utilised high-power 1H decoupling during data 
acquisition. The MAS frequency implemented for these measurements was ~5 kHz. For the 
29Si CP-MAS experiments a recycle delay of 5s, a 1H-29Si Hartmann-Hahn contact period of 5 
ms and an initial 1H 1/2 pulse width of 5s were common to all CP-MAS data. For the 
corresponding 29Si MAS single pulse/high-power 1H decoupling measurements, a single 29Si 
1/4 pulse width of 2.5s was used in conjunction with recycle delays of 30 – 60s for quantitative 
29Si measurements. All 29Si chemical shifts measured from these MAS and CP-MAS 
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experiments were externally referenced to tetramethylsilane (TMS) via a secondary reference 
of a high purity sample of kaolinite (δ -91.2 ppm), and this sample was also used to establish 
the 1H-29Si Hartmann-Hahn (cross-polarisation) condition. Samples of less than 2mg were 
tested. The limitations with this method are the long measurement time to achieve spectra with 
minimal noise to signal ratio. To check the accuracy, only a few samples were measured twice 
with a standard deviation of 5%.   
3.3 Composite Preparation  
 
The composites were made by melt mixing in a Rheomix Fison 90with HAAKE Rheocord®. A 
twin blade batch mixer was used with air cooling. A batch mixer was chosen rather than twin 
screw extruder for mixing studies because it allows control of the residence time. The volume 
of the chamber (50ml) was also enough to make the composite plaques adequate for further 
characterisation. Only a limited supply of RHA was available so it was important not to waste 
any. The properties of RHA would vary from batch to batch and it was decided that all tests 
should be done on one batch.  
The mixing studies were carried out for 20wt% of RHA to PP. This filler loading was used for 
all the studies described in this thesis unless otherwise indicated. 
A measured amount of polymer and filler are dry mixed by hand. This mixture is then put into 
the preheated chamber and mixed for a specific mixing time at a set temperature and rotor 
speed. At the end of mixing time, the motor is stopped and the mixture is then quickly 
removed. The material is obtained in the form of lumps, which are then hot compressed into 
plaques. The limitation of this method is the loss of material before and after mixing. When 
adding the dry mixture to chamber, some RHA will be lost as dust particles as the mixing 
blades are in motion, resulting in different filler loading to a standard deviation of 0.05%. The 
molten mixture will be lost as it is impossible to scrap off everything from the chamber.  
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3.3.1 Test specimen preparation 
 
The material that was obtained from composite preparation was hot compression molded into 
plaques. The compressor that was used was a Wabash Instruments Platen Press. The press is 
preheated to 180°C. Hot lumps of the composite materials are then placed between two 
rectangle plates lined with Mylor® polyester film and placed in the press. The pressure is 
gradually increased to a maximum of 15 KPa to ensure filling of the mould. A total 
compression time of 15 minutes allows sufficient time for relaxation of oriented polymer 
chains without thermal degradation. The plaque is then cooled under pressure (using water 
cooling system). The compression conditions were the same irrespective of processing 
temperature. 
The test specimens were cut from moulded plaques using stamps with dimensions according to 
ASTM 638M or 256M for tensile and impact tests respectively. For rheological measurements 
specimens were stamped into round disks of a diameter of 25mm and thickness of 2mm. 
3.4 Design of experiment (DOE) 
 
To be able to produce the composites within the processing window of polymer and to isolate 
the effect of processing conditions on the composites from the effects of RHA, a design of 
experiment was established. The full factorial design of experiment was set up with two levels 
(high and low) for these parameters. The values of the temperature levels were chosen from 
knowledge of the polymer melting temperature (160°C). The values for time and rotor speed 
were chosen from literature [65, 100, 101]to achieve a homogenised mix and yet avoid polymer 
degradation. 
The chosen performance indicator of the materials response at a linear stress-strain zone for 
data analysis was tensile modulus (Young’s modulus) being indicative of material response at a 
linear stress-strain zone. The coding system used in this thesis for the mixing conditions are 
time-temperature-rotor speed. For example a system with the code 2017045 is the one, which 
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has been processed for 20 minutes at temperature of 170°C at a 45 revolutions per minutes. 
This system is used throughout the thesis. 
The following are the parameters used in the mixing studies with their respective level values: 
 
Table 3-1: Mixing analysis parameters and their chosen levels 
 
Parameters 
Low 
value 
High 
value Midpoint 
Time (min) 10 25 17.5 
Temperature 
°C 165 190 177.5 
Rotor Speed 
(RPM) 45 85 65 
 
3.4.1 Data analysis 
 
Data analyses for the mixing studies were carried out by monitoring the torque of the system 
for the different mixing conditions. The response values (of tensile modulus) were analysed to 
assess the effects of mixing conditions. An interaction response model (using statistical 
software MINITAB version 13.0+) was generated using the interaction coefficients from the 
surface response plots in a quadratic equation fit to analyse the single effects of and 
interactions between the processing conditions on the response indicator. 
3.5 Composite Characterisation 
3.5.1 Mechanical Properties 
 
Mechanical properties of the composites are very important characteristics of the composites. 
The mechanical properties studied in this thesis are tensile properties and the impact properties. 
A detailed description of sample preparation, Australian testing standard and methodology of 
each test is given below. 
3.5.1.1 Tensile Properties 
Mechanical properties of the composites were studied to understand the effect of introduction 
of RHA into the polymeric matrix. The two main properties analysed and discussed in the 
following chapters of this thesis are tensile modulus and tensile strength. These properties of 
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composites were measured because of their sensitivity to effects of filler and silanation. An 
Instron Tensile Testing Machine (Model: 4467, Instron Corporation, England and Bluehill 
software Version 1.9 for data collection and analysis) was used with a test speed of 5 mm/min 
and other test conditions according to ASTM D688. A minimum of 5 specimens was tested for 
each sample and in case of outliers more specimens were tested. The results were averaged for 
each sample. 
3.5.1.2 Impact Properties 
 
Impact strengths of the composite samples were studied to understand the effect of RHA with 
and without the coupling agent on the impact resistance of the polymer matrix. The 
experiments were carried out using an Izod impact tester (Model: IT612, Davenport Ltd, 
England). Notched specimens for impact tests according to ASTM 256 were cut from the 
molded plaques and were notched using a bench-top milling machine. A minimum of 5 
specimens with notch length of 1mm were tested for each sample and the results were averaged 
for each sample.  
3.5.2 Rheological Measurements  
 
Dynamic rheological measurements were conducted using a parallel plate rheometer (Model: 
Advanced Rheometric Expansion System (ARES) with Rheometrics Rhios V4.0 software for 
recording and analysis. The parallel plates have diameters of 25 mm. All measurements were 
performed with a force transducer with a range of 0.2-2000 g-cm-torques. The 2 mm thick 
compression molded samples were cut into 25 mm diameter discs and 2 disks were tested for 
each sample at each temperature for repeatability. Before loading each sample, it was 
imperative to ensure equilibration of system temperature. This was followed by zeroing the 
plate gaps when the plates had reached the desired temperature.  
Generally in parallel plate or torsional flow geometrics, samples are loaded between the plates 
that are separate by a height, h. The lower plate oscillates at a constant angular velocity (Ώ). 
The upper plate measures torque.  
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All oscillatory testing as a function of frequency was conducted within the linear viscoelastic 
range. Determination of the linear viscoelastic region is essential before commencing tests for 
frequency sweep to ensure that the microstructure of the material is not affected by shear 
alignment. The condition that satisfies linear viscoelasticity is that stress is linearly 
proportional to the imposed strain. In the linear viscoelastic region, both the storage (G’) and 
loss (G”) moduli are expected to be independent of strain amplitude. Thus for every increment 
in strain amplitude, there will be a proportional increment in stress. The linear viscoelastic 
region of all samples in this study was determined prior to dynamic shearing at the temperature 
of 190°C and 210°C. 
3.5.3 Differential Scanning Calorimetry (DSC)  
 
Composites were tested for thermal properties. A DSC (Model: Perkin Elmer 2920 with the 
analysis software Thermal Analyst 3100, TA Instruments USA) was used. Helium was used as 
the purge gas (30ml/min) and nitrogen (100 ml/min) was used as the carrier gas. The DSC 
equipment was calibrated regularly after each routine maintenance. The sample was sealed in 
aluminum sample pans using an empty aluminum pan with cap as a reference. The data were 
collected at a heating and cooling rate of 2°C/min. Samples were cooled to -70°C then heated 
to 200°C, cooled to 30°C (first run) heated to 200°C and cooled to 250°C (second run). The 
first run was used to erase the thermal history. Only the data from the second run was used for 
analysis. Multiple samples were tested twice to check for repeatability. The values for enthalpy 
were within 5%. The stability of each system was determined by comparing the crystallization 
enthalpy and temperatures of the first compared to the second cooling curves. Enthalpies of 
melting and crystallization, along with the respective temperatures, were obtained using peak 
integration. The effect of filler loadings and the surface treatments of the filler were analyzed 
using the variation in the crystallization temperature and degree of crystalline. The variation in 
glass transition temperature was not analyzed because the instrument was not able to go to low 
enough temperatures at the time this study was underway. 
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The degree of crystalline of polypropylene was evaluated from the following relationship ( 
Equation 3-4). 
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Equation 3-4 
 
Where ∆Hexp is the experimental heat of fusion determined from DSC, ∆H* is the heat of 
fusion of fully crystallined polypropylene (209 J/g), and Wf is the weight fraction of PP in the 
composites [64]. 
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3.6 Sample Identification 
 
This section of this chapter is a summary of all the samples prepared and tested for this thesis. 
A systematic naming procedure is used to identify the samples and is tabulated in (Table 3-2) 
below: 
Table 3-2 : Summary table of sample identifications used throughout the thesis  
 
Sample ID Sample condition 
RHA RHA as received from Sunrice washed 
with HCL  
Aerosil  Aerosil 300 fumed silica  
600-24 RHA sample that was burnt at 600°C for 
24 h 
% MPS* RHA samples silanated with MPS silane as 
well as composites with silanated RHA 
% APS* RHA samples silanated with APS silane as 
well as composites with silanated RHA 
600-24-%MPS* 600-24 samples silanated with MPS  
600-24-%APS* 600-24 samples silanated with APS 
PP Polypropylene sample without any filler 
% RHA Composite sample with  %RHA  
MAPP MAPP control sample without any filler 
% MAPP Composites of 20% RHA with MAPP 
added as coupling agent  
* These sample identification codes have been used for both the silanated RHA and 600-24 when they were characterised 
prior to adding to the PP matrix and also for the composites samples containing these silanated filler. 
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4 Chapter 4: Results 
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4.1 Physio-Characteristics of RHA 
4.1.1 Particle size and size distribution 
 
Particle size analysis of ash was carried using a Malvern Laser Diffraction sizer. Repeatability 
was measured by testing three different samples to a standard deviation of 3%. Particle size and 
size distribution play an important role in determination of composite properties, for example, 
an increase in the composite mechanical properties due to increased surface area as the particle 
size decreases [19, 70]. However when there are functional groups on the filler surface, 
particles with higher surface areas experience stronger filler-filler interactions and tend to 
aggregate [102]. This may result in poor dispersion in the matrix. A balance between the two, 
increased surface area and the aggregation tendency, is needed for optimum mechanical 
properties. 
The ash that was provided by RCL was characterized for particle size and distribution. From 
Figure 4-1, it can be seen that the mode (most frequent size) lies around 70 µm indicating that 
the distribution is centred near 70 µm. The mean particle size was 60µm. There is also a broad 
shoulder between 4-30 µm, which was the indication of the presence of a significant number of 
particles in this region.  
For the purpose of this study, the particle size was required to be smaller and thus the ash was 
ground to a mean particle size of 10µm. This ash is here after called RHA. It can be seen from 
Figure 4-2 that the mode lies at around 10 µm and the mean was also 10 µm (±2). The 
distribution is broader and more uniform. This may also be attributed to the comminution 
process. 
Chaudhary and co-workers found a significant size reduction from 50 µm to 34µm of rice hull 
ash particles during processing with PP attributed to shear. The author commented that 
composite properties should be analysed with respect to the particle size and distribution after 
processing [65].  
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In this study the ground ash was processed with PP in a shear mixer. It was then extracted by 
burning off the matrix in a furnace at around 500° C. It was then re-examined for particle size 
and distribution, shown in Figure 4-3. It is clear further RHA particle size reduction did not 
occur: as the mode particle size was still 10-11 µm. The RHA has low number of –OH 
(0.56/nm2), mentioned in section 4.1.4) and thus there is minimal or no particle interaction and 
hence no agglomeration tendency. Therefore the peak in Figure 4-3 corresponds to the true 
particle size of RHA. This result is different to that observed by Chaudhary. It may be 
attributed to the lower number of –OH groups in the RHA used in this project. The higher 
number of –OH (16/nm2) in RHA used by Chaudhary may have caused agglomerates due to 
higher particle-particle interaction. In that study the agglomerates may also have been broken 
down during processing due to higher shear. 
A summary of particle size measurements is given below in Table 4-1. 
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Figure 4-1: Particle size distribution curve for ash as received from RCL, showing 
volume percentage data as function of particle diameter 
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Figure 4-2: Particle size distribution curve for RHA particle size after grinding 
(RHA), showing volume percentage data as function of particle diameter 
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Figure 4-3:  Particle size distribution curve for RHA after processing, showing 
volume percentage data as function of particle diameter 
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Table 4-1: Summary table of average particle size of silica ash 
 
Sample Identification Average Particle size (µm) 
Silica ash as received 60 
RHA 10-11 
Processed ash 10-11 
 
4.1.2 Particle surface area and porosity 
 
Surface area measurements of RHA before and after an acid washing process were carried out 
in a Micrometrics ASAP 2000 with ASAP 2000 software v3.03 using the BET isotherm 
method. More detail of BET method is provided in chapter 3 section 3.2.1.4). Repeatability is 
around 1%. 
Particle surface area and porosity of the filler influence its efficiency in a composite system 
[32, 33]. Higher surface area provides higher surface for treatments and inturn helps in higher 
contact surface with the matrix [32]. The porosity of the filler plays a significant role in the 
treatment of the filler [33]. A porous filler contains air: oxygen, N2, CO2 and moisture. Small 
surface treatment molecules can be absorbed into pores. The polymer molecules can not enter 
the pores due to steric hindrance of long chains [33]. Thus the efficiency of surface treatment is 
reduced and more treatment agent will be needed, to optimise property enhancement; adding 
more cost. 
Unwashed and acid washed ash was found to have surface area of ~ 57.6 m2/g  (S.D. - 0.3) and 
~ 48.4 m2/g (S.D. - 0.56) with cumulative pore surface areas of ~51 m2/g and ~ 45 m2/g 
respectively. The average pore diameter for the ash before acid washing and after washing is 
0.96nm (S.D. -0.05) and 1.12 nm (S.D. -0.07) respectively. 
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4.1.3 Morphology of RHA 
 
The particle shape, particle size and distribution of the RHA was observed using ESEM. The 
micrograph of the particles of RHA is shown below in Figure 4-4. It can be seen that the 
particles are of irregular shapes and sizes. If the micrographs are scaled and particle sizes are 
measured accordingly, the results can be interpreted as numbers. These results suggests that 
there are some very small particles in the range of 1µm and some as big as the <70 µm in size. 
This is in good agreement with the results obtained from the Malvern sizer, where a wide peak 
was observed due to the large distribution of particle sizes. The shape and the size as well as 
the distribution of the filler particles play an important role in the final properties of the 
composites. However the porosity of the RHA particles reported by some other researchers 
using SEM and TEM [5, 44] was not observed using ESEM micrographs even at higher 
magnification. This may be due to the limitation of this method of microscopy. Other method 
such as BET method (mentioned earlier in section 4.1.2) was used to confirm the presence of 
pores in the RHA particles. 
 
      
    a) Spread of RHA particles    b) Single RHA particle 
Figure 4-4: ESEM micrograph of a) spread of RHA particles at magnification of  
x800 and b) Single RHA particle at magnification of x6000  
4.1.4 Purity  
 
The process of silica ash formation i.e. the combustion condition of rice hulls is very important 
in terms of its final structure and purity. The combustion temperature and period of exposure to 
the temperature plays an important role. A high temperature and rapid process results in an 
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amorphous structure (as there is not enough time for an ordered orientation of the structure to 
form called “crystalline”) with some unburnt carbon trapped in the structure [8]. Thus the main 
impurity found in RHA is in the form of carbon.  
There have been reports of some other trace impurities in rice hull  ash, which can affect its 
performance as filler in composites [8, 10, 13-15, 18]. A method of extraction of significantly 
purified silica rice hull ash was reported, where the ash is washed in an acidic solution of 
hydrochloric acid (pH 4-5) and rinsed with deionized water [8]. This method was applied to the 
RHA used for this project. 
TGA is a thermal analysis technique used to measure changes in the weight (mass) of a sample 
as a function of temperature and/or time and was used in this project to measure the carbon 
content of RHA. TGA weight loss measurements of RHA were taken in two different 
environments, namely oxidative (air) and inert (N2). Carbon present in the ash is oxidized in 
the oxidative atmosphere but not in the inert atmosphere. The amount of carbon present as 
impurity will then be the difference of weight losses between the two atmospheres. Two 
separate runs of weight loss of RHA at air ad N2 were employed rather than a single run and 
switching the gas fom N2 to air at 500°C.  The oxidation of carbon occurs over a temperature 
range between 350-600 °C and switching gases would have resulted in wrong calculation of 
carbon content.  
Thermograms of RHA (acid washed and unwashed) in oxidative atmosphere as well as inert 
atmosphere at 15°C/ min temperature increment are shown in Figure 4-5. Slower rates of 
heating such as 6°C/ min, 5°C/ min, and 3°C/ min were also tried to observe if there was any 
weight loss features missed at 15°C/ min. The results were all very similar and no significant 
differences were observed so only the data at 15°C/min are given here.  
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Figure 4-5: Thermograms of acid washed and original RHA in oxidative (Air) and 
inert atmosphere (N2) showing weight loss as a function of temperature 
 
In the figure above it can be noted that there is similar trend of weight loss for unwashed and 
acid washed RHA in both air and N2 environment respectively. In the oxidative environment, 
there is a moderate weight loss below 350° C corresponding to the disappearance of moisture 
and other volatile compounds [40]. There is a steep change in the slope between 400-600 °C 
and progressive loss from 600-800° C. The change in the slope of the graph around 500° C 
only occurs in the oxidative atmosphere so is due to oxidation of carbon to CO2  [38, 40, 103]. 
In N2, the moderate weight loss is to -OH condensation where two –OH molecules undergo a 
condensation reaction producing a molecule of water [37, 40]. There maybe some elemental 
decomposition. 
From Figure 4-5 and Table 4-2, the difference in the total weight loss between air and N2 was 
2.2% for unwashed ash and 1.9% for washed ash. Purity of both samples is around 98% pure 
silica. Both unwashed and washed RHA contain 2% carbon as impurity. This amount maybe 
and has been sufficient to cause hindrance in the silanation surface treatment of RHA by 
covering the -OH groups [56].  
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To remove the remaining carbon content, RHA was subjected to further combustion at 600°C 
for a test period of 24 hours. This sample was called 600-24. The product of this process was a 
powder of colour off white to pink shade. The TGA weight loss thermograms for 600-24, given 
in Figure 4-6, in both inert atmosphere (N2) and oxidative atmosphere (air) show a very similar 
pattern. There is a steep weight loss from 50°C to about 350°C corresponding to the weight 
loss of physically absorbed water and -OH condensation. There is a plateau with very small 
weight loss from 400°C to 800°C. This suggests that there is no carbon to be oxidised when 
tested in the air environment, quite different to the RHA samples, where there was a steep 
weight loss between 400-600 °C in air (Figure 4-6). This shows that the carbon content in the 
600-24 sample is reduced to negligible. The carbon content for all the samples is summarised 
in the Table 4-2. Hence burning removed a significant amount of carbon (2%) while washing 
removed very little (0.1%).  
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Figure 4-6: Thermograms of burnt RHA (600-24) in oxidative (Air) and inert 
atmosphere (N2) showing weight loss as a function of temperature 
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Table 4-2: Summary of the TGA results for silicas 
 
 Air Weight loss N2 Weight loss Carbon Content 
RHA–acid washed 4.5 2.6 1.9% 
RHA-unwashed 4.9 2.7 2.2 % 
600-24 1.3 1.2 0.1% 
 
4.1.5 Surface Functionality of RHA  
 
The surface of all metals and metalloids including silica of different grades is covered to 
varying degrees by -OH groups, which play the most important role in adsorption and chemical 
reactions with other molecules such as silanes. The number of –OH groups on the surface is 
called the –OH numbers. These -OH groups can undergo various chemical reactions such as 
esterification, chlorination and condensation. As mentioned earlier in section 2.1.3, silica can 
have 3 different -OH types located either on the surface and/or inside the pores of silica (silica 
being a very porous material). The –OH number is then the sum of all –OH types. These -OH 
groups are functional groups with different bonding configuration to other molecules such as Si 
in silicas so can be distinguished with IR adsorption wavelengths observed in Fourier transfer 
infra red and different chemical shifts due to magnetic field in NMR. These characteristics 
have been observed for other grades of silicas [38], [39]. TGA is another method of calculating 
the -OH number (details discussed below). However this method has its limitations when 
determining the type of -OH groups and their corresponding amounts. In particular, in TGA 
runs, for two -OH groups to undergo a condensation reaction, they have to be in close 
proximity. This would more likely occur with geminal and/or very close single OH groups. 
Hence are undercounted, and –OH numbers from this TGA study, have a standard error. 
Surface functionality of RHA has been studied using three main methods, TGA, NMR and 
FTIR and the results from each method is discussed below in separate sections: 
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4.1.5.1 OH number calculation by TGA 
 
A major purpose of the TGA study in this project was to estimate and compare the number of -
OH groups of RHA, 600-24 and Aerosil 300 tested under the same conditions. Aerosil 300 is a 
commercial grade of fumed silica with a high surface area of 300m2/g. They were heated at a 
rate of 10°C/min from 50°C to 800°C in an inert atmosphere (N2). In N2, the carbon oxidation 
does not occur and the weight loss is due to -OH condensation where two -OH molecules 
undergo condensation reaction producing a molecule of water. There also maybe some 
elemental decomposition. Figure 4-7 is the thermograms of RHA, 600-24 and Aerosil as a 
function of temperature. 
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Figure 4-7: Thermogram of RHA and 600-24 and Aerosil in an inert atmosphere 
(N2) showing weight loss as a function of temperature 
 
 
Table 4-3: Summary table of the –OH numbers for silicas 
 
Sample Name (-OH) groups/ nm2 
RHA 0.56 
Aerosil 300 1.3 
600-24 0.21 
 
The weight loss of all these samples in an inert atmosphere tends to occur in two stages as 
discussed in section 4.1.4. In the first stage (50-250°C) weight loss is due to the loss of 
physically absorbed water molecules and other volatiles and the second stage (350-800°C) is 
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due to loss of chemically made water molecules from the condensation reaction of two adjacent 
-OH molecules. The second stage weight loss was used to calculate the -OH group density for 
the silica as described in the methods section [38, 40]. The major limitation of this method is 
that the calculated -OH number tends to be lower than the actual -OH quantity. This method 
does not measure the -OH groups that do not participate in a condensation reaction. For two -
OH groups to react with each other, they need to be in the close proximity to each other.   
The -OH number for RHA was found to be 0.56 -OHgroups/nm2. The calculation for this is 
given in Appendix 1. This is low compared to previously reported -OH numbers of 9, 4.5 and 
16/nm2 for fumed, precipitated and another type of silica ash, respectively [19].   
The -OH number per gram for the RHA calculated as 32x1018/g. This calculation is shown in 
Appendix 1. This is also low compared to previously reported -OH numbers per gram. A 
number of 320x1018/g was reported for another rice hull silica ash, one with a coarser structure, 
with a surface area of 29 m2/g, 450x1018/g and 900x1018/g were reported for precipitated and 
fumed silica respectively with surface areas in the range of 150-300 m2/g [54].  
Aerosil silicas have comparatively lower number of -OH group than other grades of silicas 
such as precipitated. This is due to their high temperature method of production (hydrolysis of 
SiCl4). Aerosil 300 has been reported to have -OH number ranging from 1.5-3 -OH/nm2 [103]. 
Aerosil 300 was characterised in this study and found to have 1.3 -OH groups/nm2. This is 
twice the -OH number of RHA. This comparison indicates that RHA lacks -OH groups 
compared to commercial silicas. The -OH number for the 600-24 sample was found to be 0.21 -
OH groups/nm2. This is even lower (about half) the number found for unburnt RHA. This is 
attributed to dehydroxylation of RHA during the burning process for removal of carbon. This is 
unexpected as dehydroxylation is expected to occur at temperatures higher than 700°C [8] and 
the sample was burnt at only 600°C. However Karl reported of dehydroxylation of silica at 
temperatures lower than 600°C. A more controlled burning environment such as shorter 
burning time with slightly lower temperature may result in a silica ash with more -OH groups 
and less carbon content [37]. It is also possible that there was some dehydroxylation of -OH 
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groups of carbon present in RHA sample. However because the total carbon content in the 
RHA sample was less than 2%, the total weight loss due to dehydroxylation of -OH groups 
could not have been all due to loss of -OH groups of carbon only. 
4.1.5.2 FTIR investigation of functionality of silicas  
Infrared spectroscopy is a powerful analytical technique for both qualitative and quantitative 
analysis. FTIR in the diffused mode was used to study the functional groups of various ash 
samples and one commercial sample. The full FTIR spectra of RHA, 600-24 and Aerosil 300 in 
the region 4000-400 cm-1 are presented in Figure 4-8. The peak assignments are summarised in 
Table 4-4.  
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Figure 4-8: A diffused reflectance infrared spectra of RHA, 600-24 and Aerosil 
300 
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Table 4-4: Peak assignment of Silicas [43] 
 
Frequency cm-1  Assignment  
2800-3700 OH stretching of Si-OH vibration 
1800-200 
overtones and combination modes of bulk SiO2 
vibration 
1622-1640 O-H, CH=CH stretching vibration  
1330-1470 CH bending frequency 
1030-1193 Si-O-Si stretching 
809 Symmetric Si-O-Si stretching 
951 Symmetric Si-O-Si stretching 
538-582 Symmetric Si-O-Si stretching 
 
The peaks in the region 1620 cm-1 are due to -OH stretching vibrations [43]. The broad band at 
around 1100 cm-1 is assigned to the Si-O vibration. The region around 3000 cm-1 wave number 
contains the main information about -OH. The bands around 800 and 475 cm-1 are the 
characteristic bands of amorphous silica. The broad absorption band in the range of 2800-3700 
cm-1 is only found on silica. This band is attributed to the vibration of -OH groups and/or the 
hydrogen-bonding interactions between water adjacent to -OH [43]. The peaks in the range of 
3400-3700 cm-1 are assigned to the free single and geminal -OH types [38]. RHA and 600-24 
exhibit peaks that are commonly observed in all silicas including Aerosil 300. These results are 
in partial agreement with the TGA results suggesting that RHA has low number of -OH groups 
compared to other commercially available grades of silica. Silica surfaces are densely covered 
with -OH groups and generally exhibit a very intense deep peak above 3000 cm-1 as seen in 
Aerosil 300. However RHA lacked intense peaks. The intensity of the peak/band assigned to -
OH groups in the range 3200-3700 cm-1 is very low compared to the deep peak of Aerosil 300. 
However the peak intensity at around 1600 cm-1 attributed to –OH stretching vibration is 
visible in RHA sample. 
Sae-Oui and co-workers [44] studied the functionality of a different grade of silica ash. The 
peak positions reported in their study were similar to those for the RHA under study for this 
project. RHA before burning had a very small shoulder around 3600 cm-1 which may be 
attributed to geminal or single -OH types. The 600-24 sample (RHA after burning) exhibited a 
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slightly more intense peak around 3300 cm-1 attributed to the –OH groups covered with carbon 
revealed after burning. These results suggest that RHA had more -OH groups of all types than 
600-24 with the hydrogen bonded -OH groups mainly on the surface. Perhaps the surface of 
RHA being covered with carbon, covered most of the surface -OH groups. This would limit its 
IR absorption and reflectance. Hence the small shoulder at 3600 cm-1 might be due to -OH 
groups which are not covered by carbon. With burning RHA and removing carbon, the 
hydrogen bonded -OH groups were evolved and hence the broader intensity peak around 3200 
–3400 cm-1. However the small shoulder at 3600 cm-1 and 1600 cm-1 has disappeared in the 
spectra for 600-24 sample, suggesting that the burning process had resulted in the 
dehydroxylation of geminal and single type -OH groups. This also suggests that there are more 
-OH groups on the surface as well as in the pores of RHA which were not available (being 
covered by carbon) to participate in the condensation reaction and thus were not detected by 
TGA analysis. 
4.1.5.3 NMR investigation of functionality of silicas   
 
FTIR and TGA techniques have been extensively used for characterisation of -OH groups of 
many inorganic types of filler, however these methods are not very accurate in distinguishing 
and quantifying the types of -OH groups. TGA method can provide information about certain 
reactions such as condensation reaction of silanols (which can be due to any kind of –OH 
groups) at the temperature range and FTIR shows peaks  can often be over lapping (similar or 
close wavelength numbers) for different -OH groups. This makes it technically difficult to 
conclude the type of OH groups available.   Solid state NMR has proved a better technique in 
identifying and distinguishing the -OH types. Solid state 29Si nuclear magnetic resonance 
technique was employed with high-power proton decoupling (HPDEC) and MAS with cross 
polarisation (CP).By spinning the sample at the magic angle with respect to the direction of the 
magnetic field, the normally wide lines narrow, therefore increasing the resolution for better 
identification and analysis of the spectrum. The CP technique generates signals from those 
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silicon atoms that are dipolar-coupled to hydrogen. Figure 4-9 shows the nomenclature and 
chemical shifts of some –OH types. 
NMR measurements for these silica grades namely, RHA, 600-24 and Aerosil 300, were 
carried out and spectra were recorded by both HPDEC and CPMAS (shown in Figure 4-10 , 
Figure 4-11 respectively). A better resolution was achieved by CP, but in both cases the 
spectra of RHA and Aerosil were deconvoluted into three main –OH types centred around  
-110 ppm (Q4), 103 (Q3) and -90 ppm (Q2). The values reported in the literature for chemical 
shifts in fumed and precipitated silicas are -90,  -101 and -110 ppm with the quantities of Q2 
and Q3 much lower for the fumed silica compared to precipitated silica [46] [45]. From Figure 
4-11, when the spectra of Aerosil 300 and RHA were compared it was observed that where the 
main peaks for Aerosil 300 were at -103 (Q3) and -90.5 (Q2) ppm a small peak at -110 ppm due 
to Q4. This indicates that Aerosil structure does not have a very saturated siloxane and there are 
free –OH available. The RHA and 600-24 spectra were mainly dominated by peaks at -110, -
103 and -95.5 ppm, in decreasing order of intensity, which reflects the abundance of the 
components. This high abundance of Q4 peak to Q2 and Q3 indicates that RHA contains a 
saturated siloxane structure with very limited number of –OH functional groups (even less than 
the limited –OH functionality of commercial grades of silica). These results are consistent with 
the FTIR and TGA results.  
For the 600-24, an HPDEC spectrum shows only one peak for the chemical shift of Q4 at -110 
ppm indicating the silica surface. There were no Q2 and Q3 peaks. There are no peaks visible 
even in the CPMAS spectra. This is because CP technique generates signals from those silicon 
atoms that are dipolar-coupled to hydrogen (such as –OH) and the Q4 signal for other spectra 
are thus due to Q4 silicons close to the surface or close to Si atoms coupled to hydrogen bonds 
such as -OH. The absence of Q4 peak indicates that 600-24 has a very saturated structure 
(siloxane structure) and no hydrogen-coupled species (such as -OH) due to dehydroxylation of 
the –OH groups during burning process. Similar results were observed in a study of silica sol 
gel pre-treatment temperatures where the Q2 and Q3 along with peak Q4 intensity decreased 
86 
with increasing treatment temperature [37]. These results are consistent with the finding from 
TGA and FTIR discussed earlier. 
    
Figure 4-9: Nomenclature and chemical shifts of some silica species [37] 
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Figure 4-10: 
29Si -HPDEC-NMR spectra of Aerosil, RHA and 600-24 
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Figure 4-11: 
29Si -CPMAS-NMR spectra of Aerosil, RHA and 600-24 
 
 
In CPMAS, some peaks are ‘spinning side-bands’ of other peaks caused by the finite spinning 
rate used in MAS technique. Therefore CPMAS spectra can be normalised and peaks were 
integrated to obtain a percentage ratio of the components [45]. For RHA and Aerosil 300 
samples, Q2 and Q3 species are mainly present at the surface of the silica particles; thus, the 
intensity ratio (Q2 + Q3)/ Q4) is related to the surface area of silica [45]. The value of the 
intensity ratios for RHA and Aerosil 300 are given in Table 4-5. Surface area of Aerosil was 
supplied by manufacturer as 300m2/g and the surface of RHA was 49 m2/g, measured by BET 
surface area method as described in section 3.2.1.4. The intensity ratio of Aerosil to RHA 
values (4.5/0.5=9) is similar to the ratio of their surface areas (300/49=6.25). The accuracy of 
the BET surface area measurements was measured as ±5%. Hence the surface area ratio is 6.1± 
0.6 (This is calculated from A1x1.05/A2x0.95). This suggests the accuracy of -OH number 
calculated from NMR spectra would be ±5%. This is calculated from 
(Q2x1.05+Q3x1.05)/Q4x0.95 etc.). The results are summarised in Table 4-5.  
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Table 4-5: Summarised results of peak integration from 
29Si -CPMAS spectra 
 
 
  % components at  Chemical Shifts   Surface area  
Samples  (Q2) -90.2 (Q3) -100 (Q4) -110 (Q2 + Q3) / Q4) (m2/g) 
RHA 7.6 27.6 64.6 0.54 49 
Aerosil  13.8 68 18.3 4.47 300 
 
4.2 Surface treatment of RHA  
4.2.1 TGA investigation of silane treated RHA   
 
TGA was carried out on silane treated and untreated RHA. Weight loss was used to calculate 
surface -OH group density per area, and the difference between the untreated and silane treated 
RHA was used to determine the silanation efficiency. The results are tabulated in Table 4-6. 
Figure 4-12 and Figure 4-13 show thermograms of untreated and APS and MPS silane treated 
silica ash tested in any inert (N2) atmosphere. It must be noted that total weight loss is not the 
sum of only 1st and 2nd stage weight loss. These two stages are highlighted separately because 
of the relevance to the following discussion. The first stage corresponds to weights loss of 
absorbed (free water) and the second stage is due to loss of water molecules from condensation 
reaction of 2 –OH groups. The remaining weight loss corresponding to the difference of the 
sum of 1st stage and 2nd stage from the total weight loss is attributed to the elemental 
decomposition. BET surface area measurements were used to calculate the -OH number per 
gram. The repeatability of measurements was measured as ±2%. 1wt%APS sample was 
measured 3 times and the standard deviation is about 1%.  
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Figure 4-12: Thermogram showing weight loss of untreated RHA ash and 1, 1.5, 
2 wt% APS treated RHA as a function of temperature at inert atmosphere (N2) 
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Figure 4-13: Thermogram weight loss of untreated RHA ash and 1, 1.5, 2 wt% 
MPS treated RHA as a function of temperature at inert atmosphere (N2) 
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Table 4-6 : Summary of TGA weight loss of silanated RHA samples 
 
% APS Total Weight Loss % First stage (%weight loss) Second stage (%weight loss) 
 50 - 760 °C 50 - 250 °C 500 - 750 °C 
0 2.4 0.98 0.61 
1 1.3 0.5 0.22 
1.5 3.5 1.56 0.81 
2 4.3 1.74 0.93 
% MPS 
   
0 2.4 0.98 0.61 
1 1.3 0.51 0.28 
1.5 3.9 1.83 0.97 
2 4.5 1.73 0.99 
 
There was an increase in the weight loss with increasing silane concentration for most samples. 
The weight change for the silanated samples also mainly occurred in two stages. The first 
weight change (50-250°C) was attributed to the loss of physically adsorbed water as well as 
loosely adsorbed silane and increased with increase in silane concentration. The second stage 
weight change at around 500-750°C was attributed to the condensation of silanol groups 
present in silane molecules that were loosely absorbed onto the RHA surface.  
The 1wt% APS and MPS samples showed a decrease in weight loss compared to the untreated 
sample. The decrease in the first stage weight loss was due to lack of physical absorbed water. 
The –OH groups have reacted with silane functional groups, silanols and were not available to 
absorb water. A decrease in the second stage weight loss of silane treated RHA indicates that 
the -OH groups had undergone a reaction with silane functional groups and hence were no 
longer available for a condensation reaction.  
The second stage weight loss of the 1wt% APS and MPS treated RHA was also lower than the 
1.5 and 2 wt% APS and MPS samples. This variation in behavior might be attributed to how 
the silane reacts with the silica. Liu et al [54] postulated that silanes can be adsorbed onto the 
surface of silica from solvent in three possible forms (Figure 4-14), i.e., through hydrogen 
bonding between silanol groups and silica (mechanism A), through hydrogen bonding of C=O 
and silanol groups (mechanism B), or by forming multilayers through hydrogen bonding with 
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silica and cross linking with each other (mechanism C). At lower silane concentrations, silane 
molecules will be adsorbed onto the surface of silica mainly via mechanism A or B. With 
increased silane concentration, form C occurs more readily where the upper layer of multilayer 
silane is only loosely bonded. In the case of the 1 wt% APS and MPS samples after drying at 
85°C temperature, the surface hydrogen bonded silane (mechanism A) may be converted to 
covalently bonded silane through the condensation between silanol groups of the silane and the 
surface silanol group of the silica. This covalently attached silane would then be part of the 
tightly bonded silane to the RHA surface. 
The 1.5 and 2 wt% APS samples had a higher weight loss than the 1 wt% silane, in the second 
stage of 500-750°C, which might indicate a condensation reaction between the silanol groups 
of the loosely bonded silanol, suggesting that they have a combination of tightly and loosely 
bonded silanes. The difference in the weight loss of 1.5 and 2 wt% MPS treated samples are 
less compared to the APS treated samples at these concentrations. This can be attributed to the 
difference in the chemical nature of these silanes. In 2 wt% MPS, with increasing free 
functional groups (silanols, vinyls and acrylates) of loosely bonded layer of silane, some of 
these groups may have reacted with each other and hence there is no further weight loss (not 
much more than 1.5 wt% MPS) due to condensation. 
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Figure 4-14: Different mechanisms of silanes reacting to the silica surface 
(Redrawn from [54]) 
 
 
 
4.2.2 FTIR investigation of silanated RHA 
 
The FTIR spectra (in diffused mode)  of the silanated samples of RHA with two grades of 
silane molecules APS and MPS (details mentioned earlier) are presented in Figure 4-15 and 
Figure 4-16 respectively.  
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Figure 4-15: A diffused reflectance infrared spectra of non-silanated RHA and 
silanated RHA with increasing wt%APS 
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Figure 4-16: A diffused reflectance infrared spectra of non-silanated RHA and 
silanated RHA with increasing wt% MPS 
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It can be observed that the FTIR spectra of both APS and MPS treated RHA are very similar to 
the non-treated RHA. The peak at around 3700 cm-1 attributed to –OH groups on the RHA 
surface and is present in all samples. There are no new peaks for any concentration of APS or 
MPS. However the peak intensity at 1600 cm-1 attributed to –OH stretching vibration, is 
reduced in silanated samples specially the APS silanated samples than non- silanated RHA. 
The decrease in intensity is more prominent for higher concentrations of both silanes. This 
indicates a very small interaction of RHA and silane molecules. The appearance of new peaks 
at 2963 cm-1 were observed by other researchers [38] attributed to silane molecule attachment 
to the silica surface. These were not observed for any of the silanated samples at any 
concentration in this study. This may be attributed to the poor interaction of silane molecules. 
However both NMR and TGA data suggested presence of interaction in silanated samples 
peaking at 1.5wt% silane. Furthermore the mechanical and rheological studies (discussed later) 
of the silanated RHA in composites of PP suggested interactions particularly at 1.5wt% silanes. 
The lack of peaks is therefore more likely to be attributed to lack of sensitivity of FTIR to the 
small changes measured using other techniques. 
4.2.3 NMR investigation of silanated RHA 
 
The application of solid state NMR in the area of filler interaction with other molecules such as 
silanes is a useful technique. The use of 29Si solid state NMR with HPDEC and CPMAS was 
employed for the analysis of the silane treated silica surfaces.  Silane functionality according to 
the used silane type, bonding chemistry and the different surface species that result can be 
distinguished by 29Si CP/MAS NMR measurements. So, the monofunctional species (M) 
appear in the region from 13 to –1 ppm, difunctional species (Dn) from –7 to –20 ppm, 
trifunctional species (Tn) from –48 to –66 ppm and the silica itself (Qn) from –91 to –110 ppm 
(as described in section 2.2.4) [34, 37, 38, 45].  
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From Figure 4-18 and Figure 4-20, the HPDEC spectra of both APS and MPS treated RHA 
surfaces, it can be seen that only one peak at -110 ppm is evident. This peak corresponds to the 
siloxane structure of RHA. The peaks due to M, Dn and Tn are not visible.  
The CPMAS spectra of silanated samples (Figure 4-19 and Figure 4-21) exhibited more 
differences than HPDEC. These were some small changes in the shapes of the spectra peaks 
upon silanation. Figure 4-19, for the APS treated RHA samples, shows that at the low level of 
1wt%, APS did not show any significant change (the peak intensities and the positions are very 
similar). 1.5wt% APS had a slightly increased Q4 peak and a decrease in Q3 peak intensities.  A 
further increase to 2wt% APS did not bring any significant change to Q3 while Q4 decreased. 
This suggests that at 1.5 wt% APS, -OH from RHA surface reacted with silane (decrease in Q3) 
resulting in increasing the siloxane structure (decrease in Q4) and with further increase of 2wt% 
silane and lack of any more free –OH of RHA surface results in reaction between the silane 
molecules (no significant change in Q3). The CP technique generates signals from those silicon 
atoms that are dipolar-coupled to hydrogen. The relative intensities of Qn decrease with 
increasing distance from hydrogen and when the number of n increase, specially n=4, the Q4 
signal is thus mainly due to silicone close to surface (decrease in Q4 as the surface is not 
covered with hydrogen bonded components such as –OH anymore).   
The intensities due to the T species for the APS treated silanes are very low compared to one 
reported study [39]. In fact, due to high noise to signal ratio of the spectra, it is very difficult to 
distinguish the peaks at all. This is consistent with TGA and FTIR results, where poor 
interaction of silanes with RHA was attributed to limited surface functionality and high content 
of impurity of RHA.  
Similar results were observed for the MPS silane treated composites. The HPDEC spectra 
lacked any peaks other than Q4, but the CPMAS spectra showed the smaller (shoulder) peaks 
due to Q2 and Q3. Despite the unfavorable signal to noise ratio, it can be observed that the Q3 
and Q4 signal have changed in shape upon addition of MPS. The T1, T2 and T3 species were 
unclear once again suggesting poor interaction. However another peak at -80 ppm is very 
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clearly observed for 1.5wt% MPS and to some extent in 2wt%MPS. This peak is due to silicon 
and carbon bond due to the MPS molecule (presence of vinyl and acrylates functional groups) 
and was therefore not observed in APS treated samples.  
 
 
Figure 4-17: Nomenclature and chemical shifts of some silanated species with silica 
surface 
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Figure 4-18: 29Si -HPDEC-NMR spectra of non-silanated RHA and silanated RHA 
with increasing wt% APS 
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Figure 4-19: 29Si -CPMAS-NMR spectra of non-silanated RHA and silanated RHA 
with increasing wt% APS 
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Figure 4-20: 29Si -HPDEC-NMR spectra of non-silanated RHA and silanated RHA 
with increasing wt% APS 
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Figure 4-21: 29Si -CPMAS-NMR spectra of non-silanated RHA and silanated RHA 
with increasing wt% MPS 
 
The peaks were integrated and then normalized to quantify the interaction of silica and silanes. 
The results are summarized in Table 4-7 below.  
Table 4-7: Summarised results of chemical shifts via peak integration 
method for APS and MPS treated samples 
 
 
 % components at  Chemical Shifts 
Samples (Q2) -90.2 (Q3) -100 (Q4) -110 
RHA 7.6 27.6 64.6 
1%APS 9.9 25.6 65.0 
1.5%APS 10.7 16.8 72.5 
2%APS 5.4 33.8 61.0 
1%MPS 9.11 23.5 67.4 
1.5%MPS 6.1 10.5 65.4 
2%MPS 17.5 17.5 64.0 
 
From Table 4-7, it can be seen that that upon addition of 1wt% APS silane, there was no 
significant change in the quantities of Q2 and Q3 to Q4. A reduction in Q2 and Q3 would occur if 
there was a reaction between silanols of silane molecules and –OH groups on the silica surface 
and an increase in Q4 was if there was increase in the siloxane structure. An increase in Q2 or 
Q3 would mean an excess of silanol groups of silane molecules. With 1.5wt%APS, there was a 
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small increase in Q4 value and a large decrease was observed for Q3 and an increase in Q2 
value. The decrease in value of Q3 was attributed to reaction of RHA hydrogen bonded surface 
–OH with silanes and the increase of Q2 was due to excess silanol groups of silane molecules.  
Similar trends were observed for MPS silanated samples. 
In summary results of TGA, FTIR and NMR are consistent. There is a poor interaction between 
RHA and both silanes for almost all concentrations, attributed to the limited -OH groups of 
RHA. Both silanes showed similar trends and slight differences in their interaction with RHA 
are attributed to the difference in their chemical nature. It can be summerised that both silanes 
are required to provide a thicker surface coverage (with a coating thickness of µm). This will 
prevent the silane molecules from getting trapped inside the pores (from section 4.1.2, average 
pore diamter of 1.12 nm) of RHA and can be more accessible to polymer molecules on the 
surface.  
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4.3 Composite Preparation 
4.3.1 Design of Experiment and mixing studies of RHA into the matrix 
 
In a system influenced by various parameters, the identification of dominant parameters and 
significant interactions between parameters is important for a deeper understanding of the 
system. Assuming that the system of RHA and PP is non-interacting, optimisation of the 
mixing conditions to obtain a well homogenised system and inturn obtaining best mechanical 
properties was carried out. Time, temperature and rotor speed influence the filler distribution, 
dispersion and polymeric chain entanglements. In theory, time and rotor speed help in 
distributing and dispersing the filler without significantly changing the morphology or phase of 
the polymer, whereas temperature effects melt viscosity and the entangled state, by opening up 
more polymeric chains [65, 100]. 
A full factorial design of experiment was set up with two levels (high and low) for each 
machine parameter such as mixing time, mixing speed and mixing chamber temperature. The 
values of the both levels were arbitrary with a constraint on temperature being above the 
polymer melting temperature. These values are shown in Table 4-8. 
Table 4-8: Summary table of processing (machine) parameters 
 
 Time 
(min) 
Temperature  
(°C) 
Rotor Speed  
(RPM) 
Filler Loading (wt %) 
Higher limit 25 190 85 40 
Lower Limit 10 165 45 20 
 
The performance indicator of the material’s response in a linear stress-strain zone for data 
analysis was tensile modulus (Young’s modulus). From a physical point of view, dispersion is 
directly related to the extent of mixing and composite modulus (stiffness) is related to 
interaction of phases, dispersion and consequently to the level of mixing [101] [104]. Tensile 
modulus is a good response parameter for the quality or goodness of mixing (dispersion or 
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distribution) as it is calculated from the region of stress-strain graph where the applied stress is 
proportional to the developed strain. The sample coding system used in this thesis for the 
mixing study is time-temperature-revolution per minute. For example, a system with the code 
2519085 is the one which has been processed for 25 minutes at temperature of 190°C at 85 
revolutions per minutes. 
Filler and polymer were weighed and premixed dry in a container and were poured into the 
mixer simultaneously. Mixing is very important for achieving a homogenised system with a 
well dispersed and distributed filler in the matrix. Presence of agglomerates can adversely 
affect the performance of the composites. To analyse the mixing quality, the torque response of 
the mixer was monitored and analysed as well as statistical software (detailed in chapter 3) was 
used to investigate the effect of mixing parameters with respect to the tensile modulus of the 
composite system.  
 For the clarity of discussions, the results are divided into two sections namely, mixing torque 
analysis, and affect of parameter interactions. 
4.3.1.1 Mixing Torque Analysis  
 
The mixing torque, which is proportional to the work required to mix filler and polymer, is an 
indicator of the extent of dispersion of filler into the matrix. The uniformity of the mix is 
estimated by the variation in the mixing torque over a period of time [105] [101]. The results 
are given in Table 4-9 for samples at various mixing condition. The torque of the system 
increases sharply upon the addition of material into the chamber. The increase in torque 
continues until it reaches the peak (maximum) and then starts decreasing till it plateaus. A 
typical graph of mixing torque as a function of time for a composite of 20wt% RHA at the 
mixing conditions of 2519085 is given in Figure 4-22. 
 
102 
0
5
10
15
20
25
0 2 4 6 8 10 12
Time (min)
To
rq
u
e 
(N
m
)
 
 
Figure 4-22: A typical time-torque in mixing of20wt% RHA into PP for mixing 
conditions of 2519085 
 
The plateau is an indication of the saturation in the extent of dispersion of the filler. Further 
increase in the mixing energy over time does not contribute to further dispersion of the filler.  
Table 4-9 : Show the maximum torque, plateau torque and the time at which 
each occurs for a few different processing conditions 
 
 
Mixing 
Condition 
(t T RPM) 
 
Filler 
Loading  
 wt% 
 
Max Torque 
(Nm) 
 
Time  
(min) 
 
Plateau 
Torque 
(Nm) 
 
Time  
(min) 
2519085 20 20 2 5 3 
2519085 40 30 2.5 4.8 4 
1016545 20 39 1.5 8 4.5 
1016545 40 70 2 5 5 
Optimum 
Condition  
(1218060) 
 
20  
 
40 
 
0.5 
 
5 
 
3 
 
From Table 4-9, it can be seen that there is an increase in the value of maximum peak as the 
filler loading increases when comparing the filler loadings at the same processing conditions 
for example 1016545. Higher filler loadings resulted in higher maximum torque values for any 
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processing conditions. This is as expected as more mixing energy is required where the 
quantity of material to be dispersed is increased [101, 106]. If the torque measurements for the 
same filler loading at two processing conditions (high limits, 2519585 and low limits, 
1016545) (shown in Table 4-9) are compared, more energy is required when the time, 
temperature and the speed are on the low end. If the temperature is low and speed is low, 
viscosity will remain high so torque is high.  
Conversely, when time and speed are on the high end, less energy is required, as viscosity is 
low, so torque is low. This can be attributed to better dispersion and distribution of filler, due to 
high shear and lower viscosity of melt.  
The torque plateaus after around 5 minutes of mixing for both the filler loadings at both the 
high and low processing conditions. This suggests that irrespective the filler loading and the 
processing condition, no further significant mixing was achieved after around 5 minutes. 
4.3.1.2 Process parameters optimization  
 
The quality of a good mix may depend on the interaction of variables as well as the effect of a 
single variable. Infact it maybe difficult to single out the effect of each parameter on the 
composite performance when complex interactions are present. 
An interaction response model (using Minitab) was generated using the interaction coefficients 
from the surface response plots in a quadratic equation fit.  
 It predicts a combination of control parameters for optimising the mixing and consequently 
obtaining an optimum tensile modulus. The model was obtained after performing regression 
analysis and showed a second order quadratic relationship between the parameters and the 
predicted modulus. The general equation for the interaction model is shown below: 
( ) CXXXXE jiijiiii +++= ∑ γβα 2                   Equation 4-1 
 
Where, E is the predicted modulus with n parameters (n=i, j, k), C is the model constant, Xn is 
the parameter value ( mixing time, chamber temperature and speed of shearing (revolutions per 
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minute)) and α, ß and γ are the coefficients for first order, second order and interaction 
parameter, respectively. 
The response model for the optimum parameters derived for the polypropylene with 20 % RHA 
loading is shown in Figure 4-23. 
 
Figure 4-23: Response model interface for tensile modulus as a function of 
processing variable interaction 
 
The model shows predictions of behaviour beyond the original boundaries. The Hi and Lo 
values at the top of the figure are the processing parameters boundary values. The bracketed 
values are the parameter values (optimum parameter value, the peak of each arc) for which the 
model predicts optimum modulus is achieved.  
The shape of the arc indicates the effect of the parameter on the modulus. The more parabolic 
the arc, the more sensitive the modulus response to that parameter will be. A flatter arc 
indicates a wider processing window for that parameter.  
The intersection of the dashed line, the vertical line and the arc represent a set of near optimum 
values for the parameters. The modulus value will not be effected significantly if the 
processing parameter is changed within this range (between the two vertical lines).A flat arc 
and wide gap between the vertical lines indicate that the processing window for that parameter 
is wide and slight variations in the parameters, will not affect the modulus value significantly. 
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Figure 4-24: Response of tensile modulus of the composites of 20 and 40 wt % RHA with 
PP with respect to various processing conditions 
 
From the graph above, it can be seen that the modulus values for both the filler loadings do not 
change significantly with the variations in processing conditions. This confirms the wide 
processing window of this material. Similar results were observed for a system of rice husk 
powder with PP by other researchers [64]. 
Figure 4-25 shows the robustness of the model where the modulus values predicted by the 
model and experimentally determined values by tensile tests are graphed against various 
processing conditions. The model successfully predicts modulus within an acceptable 
confidence level for a wide range of processing conditions. 
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Figure 4-25: Experimental and model predicted tensile modulus as a function of 
various processing conditions 
 
Table 4-10: Processing Conditions corresponding to the numbers on X-axis of the 
graph above 
 
 Processing Condition 
Number on X-
Axis t (min) T °C RPM 
1 4.886 177 65 
2 17.5 198 65 
3 17.5 177.5 31.6 
4 30.11 177.5 65 
 
The model was used to predict optimum conditions. These were mixing time of 12 minutes, 
speed of 60 RPM and temperature of 180° C. Figure 4-25 shows these as the peak of arc. The 
modulus response predicted from the model is 1052MPa and the experimental value was 1048 
MPa, the difference is insignificant at a confidence level of 97%.Similar interaction processing 
parameters were observed for the 40% filler loading and the optimum modulus was predicted at 
similar parameters to these at 20wt% RHA. The optimum modulus value for a 40% loading 
was predicted to be 1210 MPa, while the experimentally measured value was 1243 MPa. 
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4.4 Mechanical Properties 
 
Mechanical properties of the composites are very important in terms of application and 
commercialisation of the composites. The more commonly applied and accepted mechanical 
tests or parameters for all material types including composites are the tensile modulus and 
strength. Tensile modulus is the ratio of the stress to the strain, where stress is the amount of 
force exerted on a cross sectional area of a composite or any material’s specimen sample and 
strain is the extent of deformation that was caused due to the force applied. Tensile strength of 
a material is its ability to resist deformation when the material is under tension and a force is 
applied to pull it either uniaxially or biaxially. In this study the mechanical response of the 
composites is used as a performance indicator of the composites for better understanding of its 
role with and without the coupling agents in the matrix.  
Mechanical properties namely tensile modulus and tensile strength were tested on the 
composites of silica ash made with PP. The fillers samples used included RHA, 600-24, and 
silanated RHA.  
4.4.1 Effect of filler loading on composite properties 
 
4.4.1.1 Effect of filler loading on composite tensile Properties  
 
In an initial study, composites with three different loadings 20, 30 and 40% of RHA in the PP 
were made to understand the effect of addition of RHA at increasing filler loadings on the 
matrix. In a later study, a composite of PP with 20wt % 600-24 was prepared under the same 
processing conditions. This was carried out to see whether a reduction in filler carbon content 
would improve the mechanical properties of the composites.  
One limitation of the comparison between the two is that the PP grade used in the later study 
was different from the one used in the initial study. The later study was conducted 2 years later 
than the first and in the interim the first PP grade was no longer made. However the supplier 
stated that both polymers were the same even though they had different commercial names. A 
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control sample of the new grade of PP and a control sample of 20wt % RHA in new PP was 
also made as well as composite sample of 600-24 in new PP.  
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Figure 4-26: Tensile modulus and Tensile strength of composites of RHA/PP as a 
function of increasing wt% of RHA 
 
Table 4-11: Summary table of tensile properties (average values and standard 
deviation in brackets) of RHA composites with PP  
 
wt% 
RHA 
Tensile Modulus 
(MPa) 
Tensile Strength 
(MPa) 
0 688 (±19) 32(±0.17) 
20 970(±37) 27(±0.28) 
30 1064(±28) 28(±1.18) 
40 1243(±59) 27(±0.48) 
 
From Table 4-11 and Figure 4-26, it can be seen that there are significant increases in modulus 
of 30%, 35% and 44%, with the addition of filler at 20wt%, 30wt% and 40wt% respectively. 
Many other researchers have observed similar results, where adding fillers increased the tensile 
modulus of the system [2, 56, 107].  However the tensile strength is lowered upon filler 
addition by 19%, 15% and 19%, with increase in the amount of filler loadings to 20, 30, and 
40wt% respectively. This suggests there is little interaction between the filler and the matrix. If 
the filler concentration exceeds the maximum packing fraction, particle interaction will result 
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in a higher stress concentration and earlier break of the composite [108]. Another reason for the 
inferior tensile performances of RHA as filler compares to other reported commercial fillers 
may be the irregular shape of its particles. For irregularly shape fillers, the strength of the 
composites is lower as the filler carries less stresses than a regular filler, while poor interfacial 
bonding causes micro-spaces to grow between filler and matrix, which further reduces stress 
transfer when the sample is loaded and induces brittleness [109]. 
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Figure 4-27: Tensile modulus and Tensile strength of composites of PP with 
20wt% RHA and 20wt% 600-24 
 
Table 4-12: Summary table of tensile properties (average values and standard 
deviation in brackets) of 20 wt% RHA and 20wt% 600-24 
 
Sample ID 
Tensile Modulus 
(MPa) 
Tensile strength 
(MPa) 
PP 654(±169) 32(±1.3) 
20%RHA 906(±174) 27(±0.96) 
20%600-24 436(±104) 25(±1.3) 
 
Figure 4-27 and Table 4-12 show a comparison of the tensile modulus and tensile strength of 
PP, 20wt% RHA/PP and 20wt% 600-24/PP composites. It can be seen that addition of 20wt% 
of 600-24 significantly reduced both the modulus (by 33%) and the tensile strength (by 22%) 
compared to PP, while RHA increased modulus (by 30%) and decreased strength only slightly 
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(by 19%). 600-24 has less carbon impurity, so it was expected that 600-24 would bring a better 
interaction between the filler and the matrix due to cleaner surface and better bonding. The 
decrease in strength of the composites of 600-24/PP, which is similar to that of RHA/PP 
composite, is attributed to the lack of transfer from particles to matrix. The decrease in the 
modulus was not expected and suggests the 600-24 particles interrupted the crystallinity of the 
PP. The fact that the 600-24 carries less stress in the filler also suggests lack of any interaction 
(chemical bonding or entanglement)  consistent with the filler being dehydroxylated (as 
discussed previously) [110] 
The reduction in the tensile strength with RHA means RHA is not competitive with reinforcing 
fillers. The decrease in strength is quite small and the increase in stiffness reasonably large with 
increase in filler loadings so the composites may be commercially attractive as a filler used for 
cost reduction.  
The 600-24 sample had poor modulus and strength. The decreased mechanical properties of the 
composites with 600-24 and PP made 600-24 a poor candidate as a filler and therefore these 
samples were not used for any further characterisation such as rheological, thermal and 
morphological.  
 
 
4.4.1.2 Effect of filler loading on composite notched impact strength  
 
Notched impact properties of the composites of PP with increasing loading of RHA were tested 
using an Izod Impact tester. The results are given in Table 4-13 and Figure 4-28 below. 
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Figure 4-28: Notched Izod impact strength of composite of RHA/PP as a function 
of increasing wt% of RHA 
 
Table 4-13 :  Summary table of impact strength (average values and standard 
deviation in brackets) of RHA/PP composites 
 
RHA% Impact Strength (J/m) 
0 211 (±30) 
20 148(±35) 
30 134 (±31) 
40 130 (±18) 
 
The results show that the impact strength decreased (by 30%, 37% and 39%) with increasing 
filler loading of 20wt%, 30wt% and 40wt% RHA. Similar findings were observed by other 
researchers where impact strength was reduced upon addition of wood flour or RHA to PP [56, 
72, 82].These results show a similar trend to the tensile strength of the composites. Both 
properties are sensitive to matrix embrittlement as the tensile strength is a measure of resistance 
of the composite material to a gradually applied load and notched impact strength is measure of 
the response of the material to a suddenly applied load. In an impact sample the predominant 
stress concentration occurs at the tip of the notch. The behaviour is then controlled by 
propagation of the crack, where as in tensile strength, the force applied causes a stress in the 
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sample which is transferred through the phases. In case of discontinuity in the phases, the stress 
concentrates at that point causing a crack. Further stress can cause crack propagation [111]. 
Both these properties are also influenced by the level of bonding between the filler and matrix. 
Poor interfacial bonding induces micro-spaces between the filler and the matrix polymer, and 
these cause more micro cracks when impact occurs, which allows crack propagation to occur 
more easily [111]. The decreased impact strength of the composite observed here, further 
suggests weak interfacial bonding between the RHA and PP, attributable to the -OH groups of 
RHA.  
4.4.2 Effect of surface silane surface treatment of RHA in PP 
 
4.4.2.1 Effect of surface silane surface treatment of RHA on tensile 
properties  
 
As discussed in section 4.4.1.1 and 4.4.1.2, addition of RHA to PP increased the modulus 
significantly and reduced the tensile strength, attributed to lack of interfacial bonding. Addition 
of coupling agents was expected to improve the tensile properties by improving distributive 
mixing and better filler distribution  and  dispersion as well as enhancing the filler-matrix 
interaction [12, 41, 68, 72, 86, 87]. 
As discussed in section 3.1.5, the two surface treating coupling agents used for this project 
were the vinyl silane “3-Methacryloxypropyltrimethoxy” (MPS) and amino silane “3-
Aminopropyltriethoxy” (APS).  
An initial study used a wide range (0.5-15 wt %) of concentrations of MPS, to identify the 
effect of the range of concentrations. These results are shown in Figure 4-29 and Table 4-14 
below. 
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Figure 4-29: Tensile modulus and Tensile strength of composites of PP with 
20wt% silanated RHA as a function of wt% of MPS silane 
 
Table 4-14: Summary table of tensile properties (average values and standard 
deviation in brackets) of MPS silanated RHA/PP composites 
 
Sample ID  
Tensile Modulus 
(MPa) 
Tensile Strength 
(MPa) 
0 wt% MPS 970 (±37) 27 (±0.3) 
0. 5wt% MPS 963 (±23) 29 (±0.3) 
1 wt % MPS 957 (±25) 29 (±0.6) 
1.5 wt% MPS 1003 (±31) 29 (±0.4) 
2 wt% MPS 976 (±23) 28 (±0.7) 
3 wt% MPS 931 (±28) 28.5(±0.4) 
4 wt% MPS 939 (±55) 28.7(±0.3) 
8 wt% MPS 867 (±30) 28 (±0.5) 
15 wt% MPS 803 (±27) 28 (±1.4) 
 
The strength values of the composites improved with the addition of as little as 0.5 wt% silane 
but showed little further improvement upon adding as high as 15 wt% silane. The stiffness of 
the composites were not affected by the lower concentrations of silanes but was lowered 
significantly with high concentrations of 8 and 15 wt% silane. This was attributed to the 
lubricating effect of excess MPS silane molecules in the system. At these high concentrations, 
the molecules are not bonded to RHA particles (lack of -OH on RHA surface) and are free 
floating in the system. This enhances particle movement in the matrix, causing slip and 
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reducing tensile properties. The modulus and strength values were highest for 1.5 wt% silane. 
From these results it was concluded that the range of silanes for optimal property enhancement 
is 1-2 wt % of filler. This is within the range of silane usage recommended by the manufacturer 
[112]. 
Therefore 1, 1.5 and 2wt% concentrations were also used for APS silane for this project. The 
results of tensile properties at these concentrations are shown again for MPS treated samples in 
Figure 4-30, for APS treated samples in Figure 4-31 and all are summarised in Table 4-15 
below. 
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Figure 4-30: Tensile modulus and Tensile strength of composites of PP with 
20wt% silanated RHA as a function of wt% of MPS silane 
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Figure 4-31: Tensile modulus and Tensile strength of composites of PP with 
20wt% silanated RHA as a function of wt% of APS silane 
 
Table 4-15: Summary table of tensile properties (average values and standard 
deviation in brackets) of MPS and APS silanated RHA/PP composites 
 
Sample ID  Tensile Modulus (MPa) Tensile Strength (MPa) 
  MPS APS MPS APS 
0wt % 970 (±37) 970 (±37) 27 (±0.3) 27 (±0.3) 
1wt% 957(±25) 950 (±40) 29 (±0.6) 29 (±0.6) 
1.5wt% 1003 (±31) 952 (±33) 29 (±0.4) 29 (±0.2) 
2wt% 976 (±23) 797(±24) 28 (±0.7) 28.4 (±0.5) 
 
From Figure 4-30 and Figure 4-31 for MPS and APS samples it can be the observed that the 
tensile strength of both MPS and APS is more sensitive to silane level than modulus. It 
improved significantly with the addition of low level silane of (up to 1.5 wt %) by 7%. This 
suggested an enhanced interface interaction between the filler and the matrix [56, 79, 86, 100]. 
Treatment of fillers by the coupling agents modifies the nature of the interface as described in 
section 4.2. Addition of higher levels of silane (>1.5wt %) decreased the strength. This 
suggests the RHA has a limited number of -OH groups which are consumed in the reaction 
with low levels of silane (up to 1.5 wt %). Excess silane molecules in the system may crosslink 
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and so filler agglomerates may form or silane molecules may float freely in the system and act 
as a lubricating agent. This causes a decrease in tensile properties [113]. 
The modulus of the composites was not significantly affected by the addition of MPS and APS 
up to 1.5wt% At low strains chemical bonding is not necessary to achieve improved modulus in 
thermoplastic composites, as friction ensures stress transfer from the matrix to the filler. 
Friction between the filler and matrix is due to shrinkage on cooling during processing [109]. 
The surface treatment of RHA with silanes (reducing the surface energies) may have 
contributed to better dispersion of RHA particles resulting in improved tensile properties. Fuad 
and co-workers observed around 5% increase in modulus for a 20wt% RHA treated with 2 
different grades of silanes [72]. Similar observation was made by Chaudhary and Jollands, 
where the modulus of silanated RHA composites was increased by ~ 8% [56]. 
Addition of APS at 2wt% (and MPS above 2wt%, Figure 4-29 and Table 4-14), lowered the 
modulus of the composites significantly. This was also observed by other researchers where the 
silane base coupling agents lowered the modulus of various systems when higher levels of 
silanes were applied [56, 72]. This suggests both silanes may act as s lubricants when used at 
higher levels. Movement of the RHA particles within the polymer matrix is allowed, resulting 
in a more flexible composite [56]. This occurs with APS at a lower level than MPS, attributed 
to the differences in their chemical structure and number of available functional groups. MPS 
silane molecules have both vinyl (C=C) and acrylate (C=O) functional groups, where as APS 
has only amine (NH2) functional groups, with the same number of silanols. APS molecules can 
form only hydrogen bonds and/or covalent bonds through reactions of silanols with –OH 
groups of RHA (Mechanism A, Figure 4-14) [54], where as MPS molecules can form 
hydrogen and covalent bonds via reaction of silanol with –OH groups as well as covalent bonds 
by reaction of acrylate with –OH from RHA (Mechanism B, Figure 4-14 ) [54]. This may have 
also resulted in some cross linking between the MPS molecules; hence there is higher optimum 
concentration for MPS. The APS silanation may have attributed more to better dispersion of 
particles rather coupling of particles and the matrix.  
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From the tensile properties of these composites, MPS is a better coupling agent than APS. 
4.4.2.2 Effect of surface silane surface treatment of RHA on impact strength   
 
The samples of PP and RHA composites with increasing silane loadings were also subjected to 
impact strength testing. The results for MPS and APS treated RHA composites are tabulated in 
Table 4-16 and graphed in Figure 4-32 and Figure 4-33 respectively.  
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Figure 4-32: Notched Izod impact strength of composite of 20wt% RHA/PP as a 
function of increasing wt% of MPS 
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Figure 4-33: Notched Izod impact strength of composite of 20wt%RHA/PP as a 
function of increasing wt% of APS 
 
Table 4-16: Summary table of impact strength (average values and standard 
deviation in brackets) of silanated RHA/PP composites 
 
Sample ID Impact Strength (J/m) 
0%APS/MPS 148.22 (±35.36) 
1%APS 174.08 (±12.20) 
1.5%APS 179.61 (±16.91) 
2%APS 154.70 (±21.73) 
1%MPS 172.79 (±20.99) 
1.5%MPS 179.72 (±23.20) 
2%MPS 155.38 (±23.12) 
 
From these results it can be observed that both MPS and APS samples brought a slight but not 
significant improvement to the impact strength of the composites with the optimum at 1.5wt%. 
For MPS silane treated samples, the slight increases were 15 %, 18% and 4% at 1, 1.5 and 2 
wt% of silane respectively, while the standard deviation varied from 6 to 25%. A similar trend 
was exhibited by the APS treated samples with increase of 14%, 17% and 5% at 1, 1.5 and 2 
wt% of silane, respectively. Although not significant, the slight trend is consistent with 
enhanced compatibility of the RHA and PP brought by application of silanes seen in the tensile 
strength results. Similar trends but with much bigger improvements (25-30%) were observed 
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by Bikaris and co workers for a PP and silane treated glass fibre composites [57]. However 
glass fibres have much higher –OH numbers, as well as a smooth and clean non-porous 
surface.  
4.4.3 Effect of MAPP coupling agents on mechanical properties of RHA 
and PP composites  
 
4.4.3.1 Effect of MAPP coupling agents on tensile properties of composites  
 
Another approach used in this study was to increase the level of adhesion of filler and polymer 
by the addition of maleic anhydride grafted polypropylene (MAPP) during the mixing stage of 
composite preparation. Impressive improvements were reported by other researchers on 
addition of MAPP. Karnani and co-workers [58] observed upto 31% and 15% increase in 
tensile strength and modulus, respectively with 5wt% MAPP, where Feng and co-workers 
observed 50% increase in tensile strength and 10% decrease in tensile modulus [79]. The 
presence of anhydride groups on the MAPP chain allows for molecular attraction between 
MAPP and silica surface hydroxyls to form hydrogen bonds and/or covalent bonds. The maleic 
anhydride grafted PP was added to the composite at the compounding stage. The anhydride 
functional groups of MAPP were expected to react with the functional groups of RHA through 
hydrogen bonding and/or covalent reaction as discussed in section 2.4.3. Bonding between PP 
and MAPP are mainly due to chain entanglement during melt mixing [74] and co-
crystallisation when composites solidify [76]. 
MAPP pellets were vacuum dried for 24 hours at 75°C then were added to the composite 
mixture before the melt mixing process. The drying of pellets was carried out to remove any 
moisture absorbed by anhydride groups during storage. The tensile performance of the 
composites was tested. The results are graphed in Figure 4-34 and tabulated in Table 4-17.   
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Figure 4-34: Tensile modulus and Tensile strength of composites of PP with 
20wt% RHA as a function of wt% of MAPP coupling agent 
 
Table 4-17: Summary table of tensile properties (average values and standard 
deviation in brackets) of MAPP coupled RHA/PP composites 
 
Sample ID  
Tensile Modulus 
(MPa) 
Tensile Strength 
(MPa) 
0%MAPP 970 (±37) 27 (±0.3) 
2%MAPP 915 (±29) 29 (±0.6) 
3%MAPP 933 (±28) 31 (±0.7) 
5%MAPP  913.(±39) 31 (±0.6) 
 
From Figure 4-34 and Table 4-17, it can be observed that addition of MAPP resulted in a 
slight but significant reduction of stiffness of the composites. The decrease was 6%, 4% and 
6% for 2, 3 and 5wt% MAPP respectively. Generally rigid additives such as fillers and other 
modifiers with higher modulus than the matrix increase the modulus of the system and ones 
with lower modulus than the matrix reduce the stiffness of the composite when added in 
significant quantities (>10%). The manufacturer’s published modulus values for PP and MAPP 
are 1500 MPa [114] and 1000MPa [73, 75]. This was observed by other researchers where 
including low modulus impact modifiers such as MAPP (upto 3%) in a composite system of 
20wt% filler, the stiffness decreased by 10% [79, 82]. Inclusion of a flexible additive in the 
system reduced the stiffness of the composites. 
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From Figure 4-34, it can be observed that there is significant increase in tensile strength (by 
7%, 10% and 13%) when 2, 3 and 5 wt% MAPP is added respectively. This suggests that 
MAPP enhances compatibility of filler and polymer matrix. The potential covalent bonding 
between the MAPP anhydride group with the –OH groups of the RHA ash, along with chain 
entanglement between the MAPP and PP chains, creates a more effective stress transfer at the 
interface. Other researchers have reported increases of 50% in strength when MAPP was added 
to wood flour or saw dust and PP composites [79, 115].Bikaris and co-workers [57]reported a 
22% increase when MAPP was added to a glass fibre and PP composite. When MAPP was 
increased from 3 to 5wt%, there was only a small increase in the tensile strength, from 10 to 
13% compared to the uncoupled control sample. Similar behaviour was observed for both 
grades of silane (Figure 4-30 and Figure 4-31). The plateauing effect of MAPP can also be 
attributed to the limited number of –OH groups on silica ash surface available to undergo a 
reaction with of surface treatment or coupling agents. Hence the optimal level of MAPP 
addition would be ~3 wt%, as 5 wt% was not significantly better but would be significantly 
more expensive. This concentration of MAPP is within the published recommended range of 2-
5 wt% of MAPP to PP [79, 94, 100]. Despite the low number of –OH on the surface, our 
optimum value of MAPP is within the published range. This can be attributed to the fact that 
RHA’s total –OH numbers are close to the number of –OH groups normally aimed for a 
sufficient coupling in other fillers. Generally a total surface coverage of filler is not desired and 
only few compatible site on filler surface results in improved compatibility. This is also more 
cost efficient. Also MAPP and PP have the same polymeric backbone. This facilitates in better 
blend when molten  during mixing and co-crystallise when solidify.   
Another possible reason in addition to the limited –OH groups of silica ash, for this limited 
improvement might be absence of strong bonds between the polymer and MAPP, and few 
physical entanglements. The low molecular weight MAPP has short chains so it might act more 
like amorphous mobile phase, hence reducing the modulus and providing less  improvement in 
the strength of the composites than those published in literature .  
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4.4.3.2 Effect of MAPP coupling agents on impact properties of composites  
 
The impact strength was measured for composite systems with increasing concentration of 
MAPP. The results are graphed in Figure 4-35 and tabulated in Table 4-18. 
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Figure 4-35: Notched Izod impact strength of composite of 20wt%RHA/PP as a 
function of increasing wt% of MAPP 
 
Table 4-18: Summary table of impact strength (average values and standard 
deviation in brackets) of MAPP coupled RHA/PP composites 
 
Sample ID  Impact Strength (J/m) 
0%MAPP 148 (±35) 
2%MAPP 178 (±22) 
3%MAPP 196 (±35) 
5%MAPP 172 (±21) 
 
The impact strength of the system improved significantly (by 20%, 32% and 16%) with the 
addition of 2, 3 and 5wt% of MAPP. The standard deviation varies from 12-23%. The optimum 
concentration was found to be 3wt% in the range studied. This suggests that addition of MAPP 
improved the transfer of stress from matrix to filler and thereby enhanced the stress 
propagation rather than crack propagation. A similar trend was observed for the tensile strength 
of the same composites. The maximum strength was obtained at 3wt% with no further 
improvement with further increase in concentration of MAPP. A number of researchers have 
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reported bigger improvements in impact strength with addition of MAPP with other fillers 
when used in a PP matrix [57, 78, 79, 81, 82]. The difference with the results reported here can 
be attributed to lower –OH number for RHA than for the fillers used in the other studies. 
To summarise the results of the mechanical response of the composites of RHA and PP, the 
following can be observed; a) tensile modulus of the system increased with addition of RHA at 
any concentration at the expense of decrease of the tensile strength, b) all coupling agents, both 
silanes and MAPP, have brought similar level of improvements in the tensile modulus  and 
slightly higher tensile and impact strength with MAPP. 
The conclusion of the study of the mechanical response of the composites of RHA and PP is 
that RHA can be used as environmentally friendly inert filler in polymeric materials to 
minimise environmental pollution, but it is not a strong reinforcing filler. Use of coupling 
agents can improve tensile strength and impact slightly. 
 
 
 
 
 
 
124 
 
4.5 Rheological Properties 
 
Rheological properties of polymer melts dictate the choice of processing conditions and 
influence the morphology and thereby the mechanical and physical properties of the finished 
product. When reinforcements are introduced in a plastic matrix, it is known that a compromise 
is usually made between the improved properties in the solid state and the increased difficulty 
in processing. Usually it is a barrier that needs to be overcome for mass development. 
Rheological analysis is considered an effective tool to predict the processing behaviour as well 
as to study the microstructure of the composite. Thus, to obtain the best end properties of the 
composite product and to optimise processing conditions, an understanding of the rheology of 
filled melts systems is very important. 
A complete rheological study of a polymer matrix is a major project. The influence of filler 
addition is many and varied. The work presented here focuses on properties commonly 
measured in polymer melts and the effects of filler characterisation on these. These properties 
are G’ and G”, η’ and η” or η* and G*. Analysis of these properties and the effect of filler on 
them provide a better understanding of structural features such as dispersion of the filler in the 
matrix, filler concentration, filler size distribution, wettability of the filler and filler-matrix 
interactions with and with surface treatments and coupling agents.   
The following sections describe the variations in viscosity and storage modulus of the polymer 
upon the addition of 20wt%, 30wt% and 40wt% of filler. The effect of the filler surface 
treatment and addition of functionalised polymer coupling agents on the dynamic 
measurements is also discussed. 
4.5.1 Rheological linear viscoelastic region 
 
As discussed in section in 3.5.2, a rotational viscometer with a parallel disc configuration was 
chosen to examine the rheological behaviour of the composites. The advantage of using parallel 
plate geometry is that it can be used for filled polymer systems of extremely high viscosity and 
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elasticity. The oscillation method can be used to study the dispersion of filler in the matrix and 
the elasticity of the composites [90, 92]. All oscillatory testing as a function of frequency was 
conducted within the linear viscoelastic range. The linear viscoelastic region of all samples in 
this study was determined prior to dynamic shearing at the temperature of 190°C and 210°C. 
These are within the range of the industrial processing temperatures of PP. The linear 
viscoelastic region for this grade of PP was found to be up to a strain of 15%, and for 20, 30 
and 40 wt% PP composites it was up to 7%. Silanated samples with 1, 1.5 and 2 wt% of APS 
or MPS were similar to the non-silanated samples and were tested with a strain of 5%. The 
linear viscoelastic region of the samples with MAPP ranged between 5 and 9 % and hence tests 
were carried out at strains lower than 5%. The repeatability of the tests for n*, G’, and G” had 
standard deviations less than 3%. 
4.5.2 Effect of filler loading on rheological properties 
 
The graphs of η*, G’ and G’’ as a function of frequency with increasing filler loading are 
shown below in Figure 4-36, Figure 4-37 and Figure 4-38, respectively. These were obtained 
from frequency sweep tests at 190°C. It can be seen in Table 4-19, that the magnitude of all the 
parameters increased significantly with the addition of RHA over the studied frequency range, 
as expected [91, 92, 116].  
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Figure 4-36: η* as a function of frequency with increasing wt% loading of RHA at 
190°C 
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Figure 4-37: G’ as a function of frequency with increasing wt% loading of RHA at 
190°C 
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Figure 4-38: G’’ as a function of frequency with increasing wt% loading of RHA at 
190°C 
 
The η* of composites with 20, 30 and 40wt% were reduced with increase in frequency i.e. the 
composites exhibited shear thinning behaviour. The increase in filler loading increased the 
resistance to deformation and therefore the overall magnitude of viscosity was higher for 
higher filler loadings at all frequencies. It was more prominent at lower frequencies, which was 
attributed to interfacial bonding. 
In a molten composite system high strain rate at high frequency will weaken any interfacial 
bonding that exists between filler and matrix [83, 88, 117]. In a molten polymeric system, 
where chemical interaction among polymer molecules exists, with increase of shear rate, the 
bonds may be sheared away, resulting in decreased viscosity called “shear thinning”. 
From Figure 4-36, the effect of composition is clearer at low frequencies. The viscosities of 
both filled and unfilled system converge at higher frequencies. The structural change of the 
composite is evidenced by the presence of difference in curvature at a frequency around 1 rad/s 
compared to PP. This was attributed to particle-particle interactions. At low frequencies the 
viscosity of highly filled systems is governed more by particle-particle interaction than polymer 
molecular movements [84], hence the greater difference in viscosities at low frequencies. 
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The storage modulus (Figure 4-37) for both filled and unfilled PP increased with increase in 
frequency as expected. With increasing filler loadings from 20 to 40wt%, the storage modulus 
increased in magnitude as expected. The difference was more significant at lower frequencies 
as expected. Addition of filler to a polymer matrix makes the system more solid like and 
enables the matrix to store more energy [88, 90, 117]. The increase in storage modulus 
decreases with increase in filler loading. Therefore there is limited benefit from any further 
increase in loading of RHA in this composite. Son and co-workers and Maiti and Hassan 
observed similar results in wood flour filled PP, where the viscosity and elastic response 
increased with increasing filler loading up to a certain loading and plateaued thereafter over the 
frequency range studied [116, 118]. 
Figure 4-38 shows that the viscous response or the loss modulus of the system also increased 
with the addition of RHA especially at lower frequencies but not as much as the viscosity and 
storage modulus. This may be attributed to the fact that elastic interactions between RHA 
particles dominate compared to viscous over RHA-PP interactions, promoting aggregation of 
the particles of RHA. Similar observations were made by other researchers [91, 93, 116]. 
Table 4-19: Summary table of some rheological parameters of RHA/PP 
composites at 200°C 
 
  
1 (rad/s) 10 (rad/s) 100 (rad/s) 
RHA% G' (Pa) G'' (Pa) n* (Pa) G' (Pa) G'' (Pa) n* (Pa) G' (Pa) G'' (Pa) n* (Pa) 
0 22 293 294 460 2231 228 5578 11404 127 
20 372 1077 1139 3158 5076 598 15725 15203 219 
30 396 1277 1337 3745 6441 745 20171 20265 286 
40 507 1422 1510 4025 6588 772 20173 20125 285 
 
4.5.2.1 Cole-Cole plot of RHA in PP at 190°C 
 
A number of studies of various materials showed that plotting the real and imaginary 
components of any of the viscoelastic characteristics such as modulus or viscosity against each 
other yields an arc-shaped curve if the process can be described with a single relaxation time. 
This is called Cole-Cole plot [90, 119]. If the material possesses a relaxation time spectrum, the 
arc transforms to a semicircle or a skewed semicircle. If more than one process with different 
relaxation times occur simultaneously, the plot is further modified, i.e. a new semi circle or a 
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tail appears [84, 90, 119]. If a network structure forms this leads to an increase of the elastic 
component of modulus and viscosity. Parts of the network will deform with different relaxation 
times, thus the Cole-Cole plot is expected to show a new semicircle in the above mentioned 
representation. 
Cole-Cole plots have been found to be a very sensitive tool in the study of miscibility and 
phase separation of polymer blends [92, 120]. It shows as many circular arcs as there are 
phases in the blend. By analogy, the Cole-Cole diagram is used here to analyse the relationship 
between dynamic viscosity (η’) and the loss viscosity (η”) to characterize the degree of 
homogeneity in the RHA-PP composites. 
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Figure 4-39: Cole-Cole plot of increasing wt% loading of RHA at 190°C 
 
From Figure 4-39, it can be seen that the relaxation time spectrum of PP exhibited a semicircle 
indicative of a short relaxation time as expected [92, 120]. Upon the addition of the RHA, the 
shape of the spectrum changed and a tail appeared. The tail became longer with the increase in 
filler loading and predominated over the semicircle when the filler loading reached 40wt%. 
These changes suggest a spectrum is replaced by two single relaxation mechanisms. With the 
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addition of RHA, the elastic part increased and the shape of the diagram changed from a 
semicircle to an arc with a tail. As the rigid particles retarded the relaxation process of polymer 
melt, the incorporation of RHA particles increased the elasticity to viscosity ratio of the 
composites. Similar results were observed by other researchers for some other fillers where an 
increase in loading of the filler brought about a second relaxation mechanism, and an arc tailing 
effect was observed [90, 92, 119]. 
4.5.2.2 Effect of temperature on RHA composites 
 
The effect of temperature on the interaction of RHA particles with the matrix was studied by 
testing the samples at a second temperature, 210°C. The rheological parameters were analysed 
as discussed in the previous section. They exhibited trends similar to the lower temperature, 
that is, the dynamic viscosity increased with increasing filler loading at low frequencies and the 
difference decreased with increasing frequency, a shear thinning behaviour. The loss and 
storage moduli also showed trends similar to those seen at the lower temperature of 190°C. 
Only the storage modulus and the Cole-Cole plot of the composites at 210°C are shown in this 
thesis to avoid repetition. Figure 4-40, shows the G’ of PP and its composites with increasing 
RHA loading.  
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Figure 4-40: G’ as a function of frequency with increasing wt% loading of RHA at 
210°C 
 
The magnitude of G’ for PP is much lower than that of PP at lower temperature of 190°C. 
Where as the magnitude of G’ for all the RHA filled samples is similar to those observed at 
190°C (Figure 4-37) for the same loadings at all frequencies. This behaviour of G’ indicates 
that the elastic repose (ability to store energy) of composite is unaffected by the increased 
temperature. Addition of RHA in the matrix makes the system more thermal stable. 
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4.5.2.3 Cole-Cole plot of RHA in PP at 210°C 
 
The effect of temperature on the interaction of RHA and matrix was analysed with their Cole-
Cole plot. Figure 4-41 shows the Cole-Cole plot of increasing wt% RHA measured at 201°C. 
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Figure 4-41: Cole-Cole plot of increasing wt% loading of RHA at 210°C 
 
This diagram exhibited similar shapes to that of the lower temperature where the RHA filled 
composites deviated from a semicircular arc and tended to have a tail at lower frequencies at 
higher filler loading. The coexistence of two relaxation mechanisms is still evident at higher 
temperatures and compatibility of the RHA and PP is not improved by increasing the 
temperature. However the convergence of the 20, 30 and 40wt% RHA curves with the matrix 
can be attributed to the reduced viscosity at higher temperatures. The filler particles are freer to 
move and impose less obstruction to deformation. 
4.5.3 Effect of silane treatment on the rheological properties  
4.5.3.1.1 Rheological Response of APS treated samples  
 
RHA is hydrophilic filler and is not compatible with the hydrophobic PP. Surface treatment of 
RHA was carried out to improve the filler matrix compatibility. It’s surface was treated with a 
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di-functional chemical compatibilisers from the silane group. Silanes contain two functional 
groups on each end capable of undergoing reactions with hydrophilic fillers and hydrophobic 
thermoplastics and thus act as a bridge connecting filler and matrix. As mentioned earlier the 
two surface treating coupling agents used are the vinyl silane “3-
Methacryloxypropyltrimethoxy” (MPS) and amino silane “3-Aminopropyltriethoxy” (APS). 
Three different concentrations of each silane were used at two temperatures, 190°C and 210° 
C. The silane concentrations are calculated on the RHA weight basis. The study was carried out 
only on 20wt% filler as this was found to be optimum filler loading (from Mechanical 
analysis). 
This section discusses the effect of filler surface treatment on the rheological behaviour of ash 
filled PP composites.  
The impacts of these two grades of silanes on the rheological properties of the composites are 
slightly different. This was attributed to their different chemical structures. 
The results for η*, G’ and G” are given in Figure 4-42 to Figure 4-44 for APS.  
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Figure 4-42: η* as a function of frequency with increasing wt% of APS silane 
with 20wt% loading of RHA at 190°C 
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Figure 4-43: G’ as a function of frequency with increasing wt% of APS silane with 
20wt% loading of RHA at 190°C 
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Figure 4-44: G’’ as a function of frequency with increasing wt% of APS silane 
with 20wt% loading of RHA at 190°C 
 
The magnitude of η*, G’ and G” increased with the increasing concentration of APS at all 
frequencies. This is attributed to the improved filler-polymer interaction. Similar results were 
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observed by other researchers [90, 119]. The effect was more prominent for the viscosity of the 
system compared to the storage and loss modulus. This is attributed to the enhanced filler-
matrix interaction increasing the obstruction to deformation (flow) of polymer and hence 
increased viscosity. It was also not linear with the increase in silane concentration. The increase 
in η*, G’ and G” were significant up to 1.5wt % APS but a further increase to 2wt% did not 
yield any further enhancement. This suggests that there are a limited number of -OH groups, 
and 1.5 wt% APS is sufficient to react with all of these. An optimum of 1.5wt% APS was also 
found in TGA studies as well as mechanical studies (discussed in section 4.1.5.1 and 4.4.2 
respectively). Qing Lui and co-workers [54] suggested that any loosely adsorbed silane could 
migrate into the polymer matrix and form polymer-filler bonds more readily than tightly 
bonded silane. It may be that at low concentrations the APS is more tightly bonded to the 
available -OH groups in a single layer on the silica surface or inside the pores (RHA being very 
porous) while at higher concentrations (>=1.5 wt %) APS molecules are more loosely bonded 
into multiple layers of silane. This would result in stronger bonds between the filler and matrix 
by loosely bonded silanes being free to migrate into the polymer chains and form entanglement 
or bonds, so a system with a higher APS level would have a higher viscosity and elasticity. The 
viscosity of the system is increased because of the further obstruction to deformation of matrix 
due to the presence of the well bonded particles to matrix. 
The magnitude of G’ the APS silanated system is less affected by slain concentration at lower 
frequencies. The frequency dependence is evident at higher frequencies where 1wt% APS 
shows lower G’ compared to 1.5 and 2 wt% APS. This is attributed to filler particle-particle 
interaction at lower frequency and filler-polymer interaction at higher   frequency. 1wt% APS 
is not improving the interaction of RHA and PP as much as 1.5wt%. 
The improvement in the viscous response of the APS silanated samples are evident from the 
increased magnitude of G” of the composites, shown in Figure 4-44.  
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4.5.3.2 Cole-Cole Plot of APS silanated RHA composites at 190°C  
 
The Cole-Cole plot can also yield insight into the interaction of surface treated filler and 
polymer. The Cole-Cole plot of the APS treated samples is given in Figure 4-45.  
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Figure 4-45: Cole-Cole plot of increasing wt% APS with 20wt% loading of RHA at 
190°C 
 
 
The tailing effect of the arc is still visible with 1wt% APS. This is indicative of co-existence of 
second relaxation mechanism even at lower concentration of silanes. At low concentration of 
silane, the interaction of RHA and matrix is not sufficiently enhanced. However with 
increasing APS concentration to 1.5 wt%APS, the tailing effect is disappeared and the shape of 
the arc is similar to the polymer (a semicircular). This indicates that the existence of the second 
relaxation mechanism is diminished. This is attributed to the improved compatibility of RHA 
particles and the matrix due to silanation. Further increase to 2 wt%APS showed similar 
semicircle shape to that of the 1.5wt% APS indicating a single relaxation mechanism due to 
improved interaction of PP and RHA without any further improvements as seen with the other 
results (mechanical properties). This is again attributed to limited –OH numbers of RHA which 
was just sufficient to react upto 1.5wt%APS. This is the optimum concentration of silane to 
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have any improvement and further increase to 2 wt% is uneconomical without any further 
improvements in the properties. 
4.5.3.3 Effect of temperature on APS silanated RHA composites 
 
The behaviour of APS treated samples at one higher temperature of 210°C are given in Figure 
4-46 and Figure 4-47.  
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Figure 4-46: G’ as a function of frequency with increasing wt% of APS silane with 
20wt% loading of RHA at 210°C 
 
The storage modulus G’ increased with increasing frequency as expected. The magnitude of the 
modulus for all the silanated samples was higher than the unsilanated and the differences 
between the different concentrations are insignificant, as at the lower temperature. This 
confirms presence of filler-matrix bonds even at higher temperature. Kim and Jang observed 
decreasing difference at higher temperatures effects with a system of calcium carbonate surface 
treated with MPS silane and attributed this to the nature of chemical bonding, being unstable 
[121].  
An interesting observation was that the 1%APS further reduced (almost merging with 0%APS) 
at lower frequency range. This could be due to the dependency of the modulus on filler 
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particle-particle interaction and network formation at lower frequency and its domination 
mainly by the polymer-filler interaction at higher frequencies.  
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Figure 4-47: Cole-Cole plot of increasing wt% of APS with 20wt% loading of RHA 
at 210°C 
 
The Cole-Cole plot of these composites at 210°C is shown in Figure 4-47. All the silanated 
samples show enhancement of η’’ and a tail indicate a second relaxation mechanism. This is 
different to the plot at 190 °C, where only the lower level of silane (1 wt% APS) had this 
behaviour. This can be attributed to some debonding between the silane molecules and the 
RHA particles due to high temperature for all the concentrations. The appearance of tail at the 
lower frequencies indicates that polymer matrix interaction is affected (due to debonding) and 
at higher frequencies, the shape of the arc is still semicircle, indicating particle-particle 
interaction (not affected much by debonding). 
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4.5.3.3.1 Rheological Response of MPS treated samples  
 
The dynamical rheological response such as η*, G’ and G” of the MPS silane for temperature 
of 190°C can be seen below in Figure 4-48 to Figure 4-50 respectively.  
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Figure 4-48: η* as a function of frequency with increasing wt% of MPS silane 
with 20wt% loading of RHA at 190°C 
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Figure 4-49: G’ as a function of frequency with increasing wt% of MPS silane 
with 20wt% loading of RHA at 190°C 
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Figure 4-50: G’’ as a function of frequency with increasing wt% of MPS silane 
with 20wt% loading of RHA at 190°C 
 
The magnitude of these parameters increased with the increasing concentration of silane at all 
frequencies similar to that of APS silanes. The effect is more prominent for the viscosity of the 
system compared to the storage and loss modulus. There was an initial increase (almost same 
magnitude) in η*, G’ and G” with 1 and 1.5wt % MPS and a further increase was observed 
with 2wt% MPS. Hence the optimum silane level is 2wt % or more. This is slightly different to 
the behaviour of the APS silanated samples discussed in section 4.5.3.1.1 and is attributed to 
the difference in affinity of theses silanes to polymer matrix. Some other studies found similar 
variable results when using MPS and APS silanes with calcium carbonate and PP composites 
[84] and stearic acid with 2 different fillers, talcum and calcium carbonate [90, 93]. These 
studies concluded that different fillers have different affinities for different surface treating 
chemicals, mostly because of their different chemical structure. MPS and APS are also 
different in terms of chemical structure and functionality. Where the Mw of MPS is 250 g/mol 
with vinyl (CH2=C) and acrylate (C=O) functional groups, and the APS silane has Mw of 220 
g/mol with amine functional group (NH2). MPS silanes molecules are heavier molecules and 
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have higher number of potential functional groups than APS molecules. This suggests that 
some MPS molecules may have accessed and reacted with more –OH from the surface and 
inside the pores and therefore more MPS (2wt %) is required than APS (1.5wt %) to react fully 
with the –OH from the RHA and be available for bonding with the polymer molecules. Hence 
there was a significant increase in parameters at 2wt% MPS for all frequencies. The 1 and 
1.5wt% MPS are now tightly bonded to RHA, less accessible to polymer and 2wt% was 
bonded on the tightly bonded layer and thus more accessible to the polymer molecules. The 
viscosity increase is due to obstruction to deformation of the matrix due to the presence of the 
well bonded particles to matrix. 
The G’ of the silanated composites (all silane concentrations) was higher than the untreated 
sample, at all frequencies. This was attributed to the improved interfacial bonding of the filler 
and the matrix and inturn improved elasticity of the composites and facilitated stress transfer 
from the matrix to the filler. This effect was most prominent at higher MPS loading of 2wt%. 
The increase in G”, the viscoelastic response of the system was increased at lower frequencies 
for all the concentrations but at higher frequencies only the composites with 2wt% MPS 
exhibited enhanced viscoelasticity. The other two concentrations of the silanes exhibit similar 
viscoelasticity to the non-silanated sample. This was also attributed to the reasoning of silane 
bonding to the matrix and filler discussed for η* and G’. 
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4.5.3.4 Cole-Cole plot of MPS silanated RHA composites at 190°C 
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Figure 4-51: Cole-Cole plot of increasing wt% of MPS with 20wt% loading of RHA 
at 190°C 
 
From the Cole-Cole plot of components of the complex viscosity of this system,(Figure 4-51) 
it can be observed that the addition of MPS silane had insignificant impact (unlike APS) in 
minimising the tailing effect of the non-silanated sample at all concentrations. All 
concentrations of MPS silanated samples showed a tail at lower frequencies. This indicates that 
a second relaxation mechanism still existed after silanation of RHA with MPS. As discussed in 
previous section, the appearance of a tail at the low frequency for the silanated samples can be 
attributed to the particle relaxation (maybe due to cross linking of silane molecules or network 
formation) and the higher frequency range to polymer relaxation. This effect was slightly 
minimised with 2wt% MPS, consistent with other rheology results for this silane at this 
temperature of 190°C. This is indicative of enhanced interaction only at 2wt%MPS. 
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4.5.3.5 Effect of temperature on the MPS silanated RHA composites 
 
The data for G’ and the Cole-Cole plot of the system with MPS silanated samples at 210°C are 
shown below in Figure 4-52 and Figure 4-54 respectively.  
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Figure 4-52: G’ as a function of frequency with increasing wt% of MPS silane 
with 20wt% loading of RHA at 210°C 
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Figure 4-53 : Repeatability graph of G’ as a function of frequency with increasing 
wt% of MPS silane with 20wt% loading of RHA at 210°C 
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The magnitude of G’ increased with the increase of frequency for both the silanated and non-
silanated samples. The differences in the magnitudes between 1 and 2 wt% MPS silanated 
samples and that of the non-silanated composites were decreased (compared to those tested at 
190°C) for the entire frequency range. An interesting point in this set of results is the drop in 
the magnitude of G’ for the 1.5wt%APS, even below that of the non-silanated sample 
(0wt%APS) for the frequency range studied. This sample was repeated twice (repetition is 
shown in Figure 4-53). This behaviour can be interpreted by the fact that 1.5wt%MPS was an 
intermediate concentration of this silane, where there was some excess free and/or weakly 
bonded functional groups (mainly vinyl and acrylate). This effect is only evident at 210°C (not 
at 190°C) and only for MPS silane. This can be attributed to the lubricating effect of MPS 
silane [122] due to the presence of free floating (excess functional groups) and/or the 
debonding of the weakly MPS molecules at high temperature (vinyl and acrylate bonds being 
more temperature sensitive). The free floating silane molecules behaved as a lubricating agent 
in the system and reduced the elastic response of the system. Increasing the MPS concentration 
to 2wt%, provides enough functional groups to react with –OH groups from RHA (to form one 
layer) as well as react with the excess functional groups of silane molecules (multilayer) 
Similar behaviour was observed in another study, where these two silanes were used and the 
MPS silanes was reported as a strong lubricating material compared to APS [122]. 
 
This was also supported by the Cole-Cole plot of these composites at this temperature in Figure 
4-54. 
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Figure 4-54: Cole-Cole plot of increasing wt% of MPS with 20wt% loading of RHA 
at 210°C 
 
 Where 1wt% showing a large tailing effect, and 2wt% MPS shows a semicircular arc with a 
slightly smaller tailing effect indicating the existence of a second relaxation time at lower 
frequencies. The shape of 1.5wt% MPS was very irregular, more linear (small arc) with a long 
and sharp tail. This was a clear indication of the co-existence of relaxation mechanisms due to 
the matrix molecules, RHA particles and the free floating silanes.  
The effects of temperature on these composites were more pronounced than for APS samples, 
attributed to the difference in their chemical structure.  
4.5.4 Effect of MAPP on the rheological properties 
 
MAPP is often used as a coupling agent in composites where PP is the base matrix. The 
presence of anhydride groups on the MAPP chain allows for molecular attraction between 
MAPP and silica surface hydroxyls to form hydrogen bonds and/or covalent bonds. The maleic 
anhydride grafted PP was added to the composite at the compounding stage. The anhydride 
functional groups of MAPP were expected to react with the functional groups of RHA through 
hydrogen bonding and/or covalent reaction. Bonding between PP and MAPP are mainly due to 
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chain entanglement during melt mixing [74] and co-crystallisation when composites solidify 
[76]. Addition of MAPP was expected to increase the viscous as well as elastic response of the 
system by improving the filler-matrix interaction [98]. Three different concentrations of MAPP 
(2, 3 and 5 wt% of filler) were used to produce composites with 20 wt% RHA. Dynamic 
rheological measurements of these samples were carried out at 190°C and 210° C within their 
linear viscoelastic region. Figure 4-55 to Figure 4-57 present data for η*, G’ and G” for these 
samples. 
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Figure 4-55: η* as a function of frequency with increasing wt% of MAPP with 
20wt% loading of RHA at 190°C 
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Figure 4-56: G’ as a function of frequency with increasing wt% of MAPP with 
20wt% loading of RHA at 190°C 
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Figure 4-57: G’’ as a function of frequency with increasing wt% of MAPP with 
20wt% loading of RHA at 190°C 
 
They show all rheological properties significantly increased with the addition of 2wt% MAPP 
for the measured range of frequencies. They showed similar trends in that the viscosity plot 
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exhibited shear thinning behaviour and the G’ and G” increased with increase in frequency. 
The increase of viscosity was more prominent than the increase in moduli values indicating that 
MAPP added composites caused more obstruction to deformation than improving the elasticity 
of system. The enhancement in the rheological properties is attributable to the enhanced 
compatibility of PP and RHA with the addition of MAPP. As expected, a plateau in effect was 
observed. An increase to 3 and 5wt% MAPP did not bring any significant enhancement 
compared to 2wt% in any of the viscosity, elasticity or storage modulus and loss modulus. This 
suggests that the saturation concentration of MAPP is between 2 and 3 wt%. This is in the 
lower part of the range recommended by the manufacturer (2-5%) and is lower than the 
optimum (5%) found by Yuan and co workers [98] in a system with 10 wt% of  filler and 5wt% 
to total composite weight of MAPP. The low saturation level in the composites under study 
was attributed to the very low number of -OH on the silica surface (0.56 silanols/nm2 discussed 
earlier). So only a low concentration of MAPP is needed to react with all the available 
hydroxyls from the RHA surface. MAPP is a large molecule so can not access the –OH inside 
the RHA pores, hence there is no “loss” of MAPP, unlike the case with silane molecules. A 
further increase in MAPP concentration causes an excess in the system.  
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4.5.4.1 Cole-Cole Plot of MAPP coupled RHA composites at 190°C 
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Figure 4-58: Cole-Cole plot of increasing wt% OF MAPP with 20wt% loading of 
RHA at 190°C 
 
From the Cole-Cole plot of the MAPP samples in Figure 4-58, it can be seen that the shape of 
the composites with MAPP is a semicircle arc, very similar to the virgin polymer. This 
indicates that there is a single relaxation mechanism for these composite when MAPP is added. 
Once again this behaviour was attributed to the improved compatibility of RHA particles and 
PP, and an absence of network formation of particles. The shape of the arc was very similar for 
all concentrations of MAPP indicating that increasing the concentration of MAPP from 2wt% 
to 5wt% did not bring a significant improvement. This is attributed to the limited –OH numbers 
of RHA.  
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4.5.4.2 Effect of temperature on the MAPP coupled RHA composites 
 
The plot of  G’ as a function of frequency and the Cole-Cole plot of real and imaginary part of 
dynamic complex viscosity for the MAPP added samples of RHA and PP composites tested at 
temperature of 210°C are shown in Figure 4-59 and Figure 4-60 below respectively.  
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Figure 4-59: G’ as a function of frequency with increasing wt% of MAPP with 
20wt% loading of RHA at 210°C 
 
The graph of G’ exhibits similar trends to that at the lower temperature with an increase in the 
value of G’ with increasing frequency and addition of MAPP. The magnitude of G’ was lower 
for all the samples attributed to the increase in temperature which creates an increase in free 
volume allowing more polymeric chain motion. An interesting point observed in this graph was 
the decrease of G’ for 5wt%MAPP even below the 2wt%MAPP, especially at higher 
frequencies. This may be attributed to 5%MAPP creating an excess in the system. Excess 
MAPP in the system behaves like a lubricant at higher temperatures because MAPP is a low 
molecular weight polymer as a result of chain scission occurring during the grafting process 
[118]. 
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Figure 4-60: Cole-Cole plot of increasing wt% of MAPP with 20wt% loading of 
RHA at 210°C 
 
The Cole-Cole plot shows the relaxation mechanism of these composites. Figure 4-60 shows 
that samples with MAPP exhibit a semicircle arc (similar to plot at 190°C). This was attributed 
to the improved compatibility of RHA and PP. The change in the shape (shortening of the arc) 
with increasing the MAPP concentration to 5wt% is attributed to the change in relaxation 
mechanism due to the presence of excess MAPP with short polymeric chains acting as 
lubricant[118] as well as some debonding of weak intermolecular hydrogen bonds at higher 
temperature. This is consistent with the G’ results for these composites at this temperature 
attributed to the excess of free MAPP (short chain polymer molecules) causing lubrication 
inturn reducing viscosity even below the 0wt% MAPP. The “tailing” effect was not observed 
just a shortening and flattening of the arc. This suggests there was no change or addition of a 
second mechanism Limited data were measured at low frequency, so the right hand side of the 
semicircle could not be determined. The average relaxation time of this specific composite is 
relatively long, so measurements need to be carried at smaller frequencies to obtain those 
values. However at small frequencies, test times were longer times and polymer degradation 
was observed so the data were discarded. This limitation exists for all the composites and PP. 
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However the results presented in this thesis were measured within the sample’s linear 
viscoelastic region. The ideal Cole-Cole plot has a perfect semicircular shape and any 
differences observed here may be attributed to the nature of sample or bonding nature in 
composites and not the degradation. Szazdi and co-workers observed similar results where an 
increase of MAPP concentration above the threshold value in clay/PP composites adversely 
affected the results and it was attributed to the molecular nature and viscosity of MAPP [119]. 
 
Similar to mechanical properties, Cole-Cole plot the composites materials suggest that MAPP 
is a better coupling agent than both silanes. This is followed by the APS silane.  For both these 
coupling agents the shapes of the arcs are very circular, even at the high temperature. The 
shape of the arcs suggests that APS silane bond better than MPS silane and MAPP bonds better 
to RHA than both silanes. The circular shape of the arc of composites with MAPP also 
suggests the bond stability even at higher temperature.  
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4.6 Morphological Properties 
4.6.1 Crystallinity of the Composites-Differential Scanning Calorimetry 
(DSC) 
 
It is well known that in semicrystalline polymers such as PP, the type and amounts of the 
amorphous and crystalline phases significantly affects the product behaviour under shear and 
govern the overall performance of the composites [123]. Furthermore, the presence of fillers in 
a polymer composite creates further complexities in the morphology of the system. The surface 
properties of filler and polymer matrix and the use of coupling agents and other additives can 
alter the morphology of the bulk polymer phase and that of the interphase. This, in turn, further 
influences the bulk properties of the system. An understanding of the impact of filler and 
coupling agents on the crystallinity of the matrix is thus crucial. Therefore in this study the 
effect of RHA with and without the coupling agent on the crystallinity of the PP was 
investigated. 
Thermal (crystallisation) studies of the composites were carried out using a DSC, with the 
method described in section 3.5.3. Small samples were heated from 23°C to 200°C at a rate of 
2°C/min and cooled back to -70°C. The thermal history of the samples was erased by the first 
heating cycle. The sample was run through the heating cycle twice and only data from the 
second run was analysed. The mass of the samples were normalised to that of the PP content 
for each sample. The % crystallinity is calculated, by integrating the area under the peak.  
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4.6.1.1 Effect of RHA on crystallisation  
 
The DSC thermogram of RHA/PP composites are presented in Figure 4-61 and results area 
summarised in Table 4-20 below:  
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Figure 4-61: Typical DSC second melting and cooling curves for composites of PP 
with increasing loading of RHA 
 
Table 4-20: Summary Table of DSC results for RHA/PP composites 
 
Sample Name %  RHA % crystallinity  Tonset (°C)  Tc (°C)  Tm (°C)  Hj (J/g °C) 
PP 0 51.4 131.6 126.9 164.5 92.6
20 RHA 20 33.0 133.8 130.0 165.7 74.1
30 RHA  30 25.7 132.3 129.1 165.4 66.2
40 RHA 40 22.3 134.6 130.6 165.7 66.8
 
From Table 4-20, it can be seen that the crystallisation temperature (Tc) of the PP used in this 
study was Tc~127°C. This is within the range of published values [95, 96]. Addition of RHA to 
the system increased the Tc of PP to ~130°C. This was attributed to filler nucleating effects as 
the samples thermal histories from compression moulding were erased by the first heating 
cycle. The shift in crystallisation temperature observed here was less than values reported by 
some other researchers for talc and silica ash filled PP composites, where Tc was increased by 
~9-10°C [65, 96, 104]. This is consistent with poor interaction of the filler and polymer, 
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especially with increased filler loading. The degree of crystallinity of the composites decreased 
with increasing filler loading, as expected, linearly (R2 =0.97) or quadratically (R2=0.99) when 
normalised for filler loading (normalised to the weight of PP in the specimen). Similar results 
were observed by other researchers where crystallinity decreased for systems of filled PP with 
increasing loading of BaSO4, CaCO3, talc and fumed silica [96]. The decrease in crystalline 
phase was attributed to it being a highly filled system; the motions of polymeric chains are 
limited by the presence of filler. When amorphous phase fraction becomes larger than that of 
the crystalline phase, it has a more important influence on composite properties, for example, 
the mechanical properties of the highly filled systems were particularly poor. The change in the 
onset temperature of crystallisation Tco is a good indicator of the nucleation effect of the fillers 
[96]. Figure 4-61 and Table 4-20 shows that adding 20 wt% RHA to PP increased the Tco as 
well as the Tc, but increasing RHA further had no significant effect. This indicates that the 
RHA is a nucleating agent at low loadings (<20 wt %). The change was only a few degrees so 
it can be considered to be only a weak nucleating agent. This can be attributed to poor 
interaction of surfaces, and the incompatibility of hydrophilic RHA surface to the hydrophobic 
polymer surface.  
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4.6.1.2 Effect of silane surface treatment of RHA on the crystallization  
 
The DSC thermogram of APS silanated RHA/PP composites are presented in Figure 4-62 and 
results area summarised in Table 4-21 below:  
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Figure 4-62: Typical DSC second melting and cooling curves for composites of PP 
with increasing 20wt% of RHA and increasing wt% of APS 
 
Table 4-21: Summary Table of DSC results for APS treated RHA/PP composites 
 
Sample Name % APS (20%RHA) 
% 
crystallinity  Tonset (°C)  Tc (°C)  Tm (°C)  Hj (J/g °C) 
20 RHA 0 33.0 133.8 130.0 165.7 74.1
1% APS 1 35.2 133.7 130.3 165.7 79.3
1.5%APS 1.5 35.3 132.4 129.1 165.2 79.4
2%APS 2 31.7 133.0 129.6 165.4 71.3
 
The degree of crystallinity increased slightly with addition of APS then decreased: the 
maximum was around 1.5 wt%. The repeatability of these measurements was measured as ±1% 
crystallinity so these changes are significant at the 65%-90% confidence level. This may be 
attributed to the low -OH numbers of RHA, sufficient up to around 1.5 wt% APS. The 
enhancement of crystallinity is attributed to improved RHA/PP interaction. It also suggests that 
there was a better dispersion of the filler, resulting in growth of larger or more crystals [95, 96]. 
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The excess silanols in the 2 wt% APS sample makes the RHA surface hydrophilic again and 
thus the reduced in crystal growth. Another explanation is that excess silanols may crosslink, 
inhibiting chain motion and decreasing crystallinity. However there was no significant effect 
on the rate of crystallisation because of the very similar Tco and Tc for both filled and unfilled 
systems (the repeatability was measured as ±1°C). It is unusual for surface treating agents to 
have no effect on Tc and Tco but similar results were observed for some systems of talc and 
BaSO4 filled PP [95, 96].  
The DSC thermogram of MPS silanated RHA/PP composites are presented in Figure 4-63 and 
results area summarised in Table 4-22 below:  
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Figure 4-63: Typical DSC second melting and cooling curves for composites of PP 
with increasing 20wt% of RHA and increasing wt% of MPS 
 
Table 4-22: Summary Table of DSC results for MPS treated RHA/PP composites 
 
Sample Name % MPS (20%RHA) 
% 
crystallinity 
 Tonset (°C)  Tc (°C)  Tm (°C)  Hj (J/g °C) 
20 RHA 0 35.3 133.8 130.0 165.7 74.1
1% MPS 1 44.9 133.7 131.5 165.2 80.8
1.5%MPS 1.5 36.5 132.4 132.3 165.5 65.7
2%MPS 2 45.0 133.0 131.4 165.0 71.3
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The degree of crystallinity showed erratic behaviour with addition of MPS. It first increased 
significantly, then decreased and showed an increase again: the maximum was at 1 and 2 wt% 
amongst the studied concentrations (Table 4-22). This behaviour is different to that of the APS 
composites but consistent with TGA results and rheological results. The differences in the 
behaviour of the two grades of silanes were attributed to a difference in their chemical 
structure. It was hypothesised that at a low concentration of 1wt%, MPS will form a tightly 
bonded layer. This would increase the nucleation activity of RHA due to change in the surface 
properties in particular energetics and the hydrophobicity (polymer loving due to lack of free –
OH) and hence increase the %crystallinity, at 1.5wt% an intermediate concentration, MPS 
molecules bond to limited number of  RHA surface –OH groups with excess unreacted silanol 
groups available (from silane molecule), causing the RHA surface more hydrophilic again 
(poor interaction of RHA and PP) leading to low  % of crystallinity. Increasing the silane 
concentration to 2wt% MPS, there is some tightly bonded silane molecules to the available –
OH groups of RHA and the excess of silanols from silanes reacting amongst themselves 
resulting in another layer of silane (attached to the tightly bonded silanes layer) leading to an 
improved surface hydrophobicity and enhanced filler-polymer interaction. This would lead to 
an increase in the %crystallinity of the composites again. Ren and co-workers reported variable 
results with silicone and titanate treated BaSO4 and calcium carbonate. They concluded that 
silicone, a non reactive coupling agent, was a more effective modifier than titanate, an active 
coupling agent, in enhancement of crystallinity. The enhancement of crystallinity was 
attributed to better dispersion of the filler, resulting in better growth of crystals [96]. Similar to 
the APS treated samples, MPS treated composites exhibited insignificant effect on the rate of 
crystallisation observed from the Tco and Tc.   
The increase in % crystallinity for APS and MPS treated composites at varying concentrations 
are consistent with the rheology and TGA results. 
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4.6.1.3 Effect of MAPP on RHA on crystallisation  
 
MAPP coupling agents were added to improve the surface adhesion of PP and RHA. MAPP is 
a commercial polymer based coupling agent, and it shares the same polymeric backbone as PP. 
Co-crystallisation is the driving force of compatibilisation between crystalline/crystalline 
components of the same kind [98]. This suggests that PP segments of MAPP will form a 
miscible blend with the PP through co-crystallisation. Several factors must be considered to 
understand the crystallisation and melting behaviour of these blends.  
• The presence of a low molecular weight polymer (MAPP, due to chain scission during 
anhydride grafting) and its lubricating effect on the higher molecular weight polymer. 
• The presence of MAPP resulting in interactions, covalent and acid-base, between the 
anhydride and the –OH groups on the RHA surface. 
• The interaction between the anhydride groups themselves, within the same molecules or 
between neighbouring coupling agent molecules. 
To separate the effect of MAPP on PP from its effect on the interaction of RHA with PP, 
thermal properties of PP, MAPP and a blend of MAPP/PP (5:95) were measured (Table 4-23). 
The results for Tc, Tco and % crystallinity for PP and MAPP were very similar to literature 
values of 126° C, 130°C and 50% for PP and 125° C, 133°C and 31% for MAPP[79, 98, 124]. 
With the addition of only 5 wt% MAPP to PP, the degree of crystallinity was significantly 
reduced. This was attributed to the anhydride groups which disrupt the regularity of the PP 
chains, hindering crystallisation or creating defects in crystals. However the Tco and Tc 
increased in the blend of MAPP-PP. This indicates a nucleation effect suggesting that 
anhydride groups hinder the chain mobility by cross linking or entanglement [79].  
The DSC thermogram of MPS silanated RHA/PP composites are presented in Figure 4-64 and 
results area summarised in Table 4-23 below:  
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Figure 4-64: Typical DSC second melting and cooling curves for composites of PP 
with increasing 20wt% of RHA and increasing wt% of MAPP 
 
Table 4-23: Summary Table of DSC results for MAPP coupled RHA/PP composites 
 
Sample Name % % crystallinity Tonset (°C)  Tc (°C)  Tm (°C)  Hj (J/g °C) 
PP 100 51.4 131.6 126.9 164.7 92.6
MAP 100 36.6 132.6 129.0 163.0 65.8
MAPP:PP 5-95 34.05 132.51 128.3 164.9 94.66
Sample Name % MAPP (20%RHA) % crystallinity Tonset (°C)  Tc (°C)  Tm (°C)  Hj (J/g °C) 
20 RHA 0 35.3 133.8 130.0 165.7 74.1
2%MAPP 2 39.0 138.3 134.0 166.6 87.7
3%MAPP 3 34.2 138.1 133.8 166.2 76.9
5%MAPP 5 35.5 135.9 131.9 166.0 79.9
 
Addition of MAPP into the composite of RHA/PP also increased the rate of crystallisation as 
Tco and Tc were increased significantly for all MAPP concentrations when compared to 0 wt% 
MAPP. The increase with 2 and 3 wt% MAPP was attributed to an increased interaction 
between the RHA and PP promoting faster crystallisation [79, 98]. The degree of crystallinity 
of the system also increased significantly with addition of 2 wt% MAPP. This relatively low 
optimum was attributed once again to the low -OH groups available on RHA surface which is 
sufficient for a MAPP concentration of up to 2 wt%. There was a plateauing effect with 
increasing MAPP concentration up to 3 wt%, while the 5wt% MAPP sample had lower Tco and 
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Tc, very similar to the sample with no MAPP. The decrease in Tc and Tco with the increase 
from 3 to 5wt % MAPP samples was attributed to lubricating effect of low molecular weight 
MAPP and the excess of the anhydride groups cross linking in MAPP. An excess of anhydride 
groups (during melt mixing) allows them to react with each other causing cross linking and 
entanglements hindering polymeric mobility disrupting crystallinity [98]. 
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4.6.2 Morphology of the composites-Environmental Scanning Electron 
Microscopy (ESEM) 
 
Environmental scanning electron microscopy (ESEM) was used to analyse the RHA particle 
shape and its distribution and dispersion in the PP matrix. It was also used to study the 
nucleation of the RHA with respect to the variation of interfacial bonding of RHA and PP with 
increasing silane concentration and MAPP coupling agent. The scanning mode used for 
capturing these images was backscatter electron microscopy (most suitable for composites of 
this nature, black in colour containing metalloids). The micrographs obtained from this method 
will have a black background that is the matrix and white spots that are the filler particles. The 
Figures below show white RHA particles on a black PP background.  
4.6.2.1 Effect of RHA on the PP matrix  
 
Figure 4-65 shows typical micrographs of tensile fractured (at ambient temperature) surfaces 
as a function of the RHA content.  
   
        a) 20% RHA                            b) 30% RHA                         c) 40% RHA 
 
Figure 4-65 :ESEM micrograph of fractured surfaces of RHA/PP composites with 
a)20wt%RHA, b)30wt%RHA  and c)40wt%RHA 
 
In all three composites with 20, 30, 40 wt% RHA, the filler particles appear well distributed 
and there are no agglomerates in the PP matrix, attributed to intensive mixing and lack of 
agglomeration forces (low surface energetics). The particle size and its distribution were 
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measured with a Malvern Laser Diffraction Sizer. It was found that the mean particle size was 
approximately 10 µm with a cumulative particle distribution of 50%.  
 As the RHA loading was increased to 40wt%, more larger particles were visible. They could 
be just the larger particles (due to wide distribution of particle sizes), now more in quantities 
and visible due to over crowdedness of particles in the matrix. From the Malvern particle sizer, 
there are about 10% particles greater than 50 µm. In samples with lower filler loading (20wt 
%), the particles were farther apart than when the filler loading was increased (30wt% and 
40wt %), as expected. 
The lack of bonding of RHA and PP is clearly visible from these ESEM micrographs due to 
numerous efforts and magnifications to obtain good images. It can be seen that the particles are 
not pulled out from the matrix. Clean particles sit in the surface next to the neat voids in the 
matrix. This means particles and matrix are not well bonded together. 
4.6.2.2 Effect of silane surface treatment of RHA 
 
Surface treatment of RHA was carried out with two grades of silane, MPS and APS, which 
were described in section 3.1.5. These were chosen to lower the surface energetics of the RHA 
(to improve the particle dispersion) and to improve its compatibility with PP. Figure 4-66 and 
Figure 4-67, below, show the micrographs obtained by ESEM of the composites of 20wt% 
RHA with three different concentrations of 1,1.5 and 2wt% APS and MPS.  
   
a) 1 wt% APS               b) 1.5 wt % APS              c) 2wt% AP 
Figure 4-66: ESEM micrographs of fractured surfaces of 20 wt% RHA /PP 
composites with a) 1wt%APS, b) 1.5wt% APS, c) 2wt%APS 
 
164 
 
   
a) 1wt% MPS             b) 1.5wt % MPS                  c) 2wt% MPS 
Figure 4-67: ESEM micrographs of fractured surfaces of 20 wt% RHA /PP 
composites with a) 1wt% MPS, b) 1.5wt% MPS, c) 2wt% MPS 
 
The micrographs show that there was no apparent change in the distribution and dispersion of 
RHA in the matrix with increase in concentration of silane for either silane. 
The extent of bonding between the PP and RHA particles also appear to be similar even at the 
higher concentrations of silanes. All the micrographs show that RHA particles were still visible 
in their original shape residing next to voids in the matrix, with minimal evidence of pull-out. 
The absence of evidence of bonding even at higher silane levels may be attributed to the low -
OH density on the RHA surface. Low –OH group number would mean that there were few 
agglomerates initially and lowering the surface energy of the particles with silanation does not 
result in break up of agglomerates. The lack of visible bonding between the RHA particles and 
PP is consistent with low number of -OH groups. However, it is inconsistent with the 
significant differences seen in the rheological and TGA studies between 1 and 1.5 wt% 
concentrations of silanes. However it is consistent with impact strength results, showing little 
improvements. 
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4.6.2.3 Effect of MAPP coupling agent on RHA-PP matrix 
 
Addition of 2, 3, 5wt% MAPP coupling agent to the 20 wt% RHA sample was carried out for 
the enhancement of PP and RHA compatibility. These polymer based coupling agents were 
expected to have function similar to silanes. Figure 4-68 shows the micrographs of the MAPP 
coupled PP fracture surfaces.  
                               
 
 
 
  a) 2% MAPP        b) 3 % MAPP                      c) 5% MAPP 
Figure 4-68: ESEM micrographs of fractured surfaces of 20 wt% RHA /PP 
composites with a) 2wt% MAPP, b)3wt% MAPP, c)5wt% MAPP 
 
These micrographs show some slight signs of bonding of RHA particles to the PP matrix. The 
composites with the 3 and 5wt%MAPP, show most change though not as significant as the pull 
out of particles seen by other researchers [57, 100].This may be  attributed yet again to the low 
number of –OH groups available  to react with MAPP. The micrographs show visible 
compatibility although the changes are small in the interface of the PP matrix and the RHA 
particles. 
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5 Chapter 5: Discussions 
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RHA is a by-product of the rice industry. RHA is produced when rice hulls are incinerated, for 
example, when they are used to power steam engines in the rice plants. They are usually 
disposed of in a landfill. RHA has a very high naturally occurring silica content, ranging 
between 95 to 98% silica.  
This project investigated the potential of RHA as a filler in thermoplastic, mainly PP, as RHA 
is of interest due to its high silica content. The project employed a systematic approach in 
characterising the RHA physiochemical properties and comparing these to another 
commercially available grade of silica filler. Composites of RHA and PP were made using 
optimised mixing conditions. The mechanical properties, morphological and rheological 
response of the composites were studied. The effect of RHA characteristics and its interaction 
mechanisms with other molecules such as coupling agents were analysed using various 
techniques.  
This chapter discusses the outcomes of the various experimental investigations and draws 
inferences from the findings from different techniques to describe the mechanism of adhesion 
between the PP and RHA. 
RHA particles were first characterised for their size and distribution using a Malvern size 
analyser. The RHA supplied by Ricegrowers (“as received”) had an average particle size of 60 
µm and a broad shoulder representing particles with sizes ranging between 4 and 100µm. 
Composites with smaller particles may have superior mechanical properties due to higher filler-
polymer contact surface area. Therefore, the ash was ground so the average particle size was 
reduced to around 10 µm. The ground RHA also had a broad distribution, with some particles 
as small as 1 µm and as large as 100 µm. The RHA/PP composite was burnt at high 
temperature and the resulting ash analysed for size to assess whether the size of RHA would be 
further reduced during mixing with PP (due to shear). The ash had a size distribution not 
significantly different to the ground RHA.  
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RHA particles were then characterised for impurities using TGA. TGA results showed that 
RHA as received contained 2.2% impurities, mainly carbon. This level of impurities is much 
higher than commercial grades of silica such as Aerosil 300, which has a reported purity of 
99.9%. The purity of filler is an important factor in determining its interaction with other 
molecules such as PP, coupling agents and surface treatment agents. Two approaches were 
taken to remove carbon from RHA. First, all ash was washed in an acid solution prior to further 
processing. Second, some washed ash was also treated thermally at a high temperature (600°C). 
The acid washed ash (“RHA” in this thesis) contains 2% carbon as impurity. The ash produced 
by the thermal treatment (600-24) contained negligible (0.1%) impurities.  
RHA particles were characterised for shape using ESEM. Micrographs of RHA particles 
showed that the particles are irregular in shape. Irregular shape particles may affect the 
interaction of particles with the matrix, where on the one hand due to irregularity it can have a 
lock and key effect and improve interaction with the matrix and on the other hand it may hinder 
interaction due to contact surface deformities.  
RHA particles were characterised for surface area and porosity using the BET surface area 
method. Surface area of the particles is another important factor influencing the composite 
performance, where higher contact surface areas are preferred; it may also lead to particle 
aggregation. The BET surface area of RHA is moderate at around 49 m2/g. RHA was also 
found to be a porous material with pore diameter of 1.12 nm, and average pore surface area of 
45 m2/g.  
RHA particles were characterised for surface functionality using TGA, FTIR and NMR. 
Surface functionality of filler particles plays an important role in their interaction with other 
molecules such as polymers, surface treating agents and coupling agents. Like any metals and 
metalloids, the surface of RHA contains –OH functional groups. These functional groups are 
capable of undergoing reactions with other molecules through condensation and esterification 
etc. There are mainly three different types of –OH groups available in fillers, hydrogen bonded, 
single bonded and geminal bonded –OH groups. These groups are mainly on the surface but 
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can be inside the pores of porous materials such as RHA. The –OH number of any material is 
the sum of all these three types of –OH groups.  
TGA results showed that RHA has 0.56 (–OH)/nm2. Hence, it was confirmed that RHA 
contains     –OH functional groups. RHA was compared to a commercially available grade of 
silica, Aerosil 300. Aerosil is one of the grades of silica with a low to moderate –OH number 
due to its production process. Aerosil 300 was found to have an –OH number of 1.3 (–
OH)/nm2. Hence, RHA has a much lower quantity of –OH groups than Aerosil. The thermally 
treated sample, 600-24, contained only 0.21(–OH)/nm2, much lower even than RHA. This was 
attributed to dehydroxylation during high temperature thermal treatment. FTIR spectra of 
RHA, 600-24 and Aerosil showed that RHA and 600-24 contain silica structures similar to 
Aerosil 300. However, the peak intensity in the region above 3000 cm-1, mainly due to –OH 
groups, varied significantly. The peak was most intense for Aerosil, followed by RHA, and 
600-24 had the least intensity. Hence, FTIR confirmed the low –OH numbers of RHA and 
dehydroxylation of 600-24 shown by the TGA results.  
Where FTIR confirmed the existence of –OH groups, and TGA the quantity of –OH groups, 
NMR was used to detect the type of –OH groups. From the NMR results, it was observed that 
RHA had a saturated siloxane structure with a minimum number of –OH functional groups of 
mainly hydrogen bonded type and a small quantity of single and geminal type –OH groups. 
NMR results for Aersoil300 showed it has a siloxane structure with a larger number of –OH 
groups, of all three types, single, geminal and hydrogen bonded. NMR results for 600-24 
lacked any peaks due to –OH groups. This is consistent with TGA and FTIR results and 
confirms the dehydroxylation of 600-24 after thermal treatment. Compared to Aerosil, RHA 
appeared more saturated and less functionally active, confirming the FTIR and TGA results.  
Mixing of RHA/PP composites was studied to ensure they were made with the finest most 
homogeneous dispersion of particles. In a system influenced by various parameters, the 
identification of dominant parameters and significant interactions between parameters is 
important for a deeper understanding of the system. Optimisation of the mixing conditions was 
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carried out to obtain a homogeneous system and thereby the best possible mechanical 
properties. A full factorial design of experiments (DOE) was used to obtain optimised 
processing conditions for residence time, mixing chamber temperature and rotor speed for 
mixing 20 and 40wt% RHA with PP in a twin blade batch mixer. The values of the DOE high 
and low parameter levels were chosen arbitrarily with one constraint on temperature that the 
temperatures should be above the polymer melting temperature. The chosen high limits were 
25 minutes, 195°C and 85 rpm, and low limits, 10 minutes, 165°C and 45 rpm. In theory, 
longer residence time and higher rotor speed help in distributing and dispersing the filler 
without significantly changing the morphology of the polymer, whereas higher temperature 
reduces melt viscosity by disentangling more polymeric chains. The composite tensile modulus 
was measured as a performance indicator. From a physical point of view, dispersion is directly 
related to the extent of mixing and composite modulus (stiffness) is related to dispersion and 
consequently to the level of mixing. Torque was monitored during mixing. In general, it 
increased sharply to a maximum when RHA was added into the chamber. With increasing time, 
the torque, decreased and ultimately plateaued after 5 minutes. With increasing filler loading 
from 20 to 40wt%, the maximum torque value increased, as expected. More energy is required 
to disperse a higher weight fraction of material. However irrespective of filler loading, the 
torque plateaued at around 5 minutes of mixing, indicating that no further significant mixing 
was achieved after around 5 minutes. At the low values of processing parameters, the torque 
response was higher than at the high values of the processing parameters, because when the 
temperature is low and speed is low, viscosity will remain high so torque will be high.  
 An interaction response model with a quadratic equation fit was generated using Minitab with 
the interaction coefficients from the surface response plots. The model was used to predict the 
behaviour beyond the original boundaries. It predicted a combination of control parameters for 
optimising the mixing and thereby an optimum tensile modulus. It was found that the 
processing window for these composites is quite wide. The robustness of the model was 
checked by comparing the experimentally derived results and results predicted by the model for 
171 
a few processing conditions. The optimised processing conditions were predicted to be 12 
minutes, 60 rpm and 180°C. The modulus value for a 20wt% RHA/PP composite at these 
conditions was predicted to be 1052MPa: the experimental value was measured as 1048MPa. 
For 40wt% RHA, the predicted modulus value was 1210 MPa and experimentally measured 
value was 1243 MPa. This is excellent agreement, and so the interaction response model was 
concluded to be robust.  
The effect of RHA loadings on the mechanical properties of the composites of was also 
studied. In a composite system, filler level is expected to have a major effect on mechanical 
properties. Addition of RHA increased the stiffness of the composites but reduced the tensile 
and impact strength. The addition of 20wt%, 30wt% and 40wt% RHA increased the modulus 
by 30%, 35% and 44% respectively, and decreased the tensile strength by 19%, 15% and 19%, 
respectively. A decrease of impact strength was also observed by 30%, 37% and 39%, for these 
same filler loadings. The increase in tensile modulus was attributed to an increase in modulus 
of the amorphous region. In a semi-crystalline polymer such as PP, the amorphous region does 
not contribute much to stiffness: resistance to deformation comes primarily from the part with 
ordered structure (the crystalline part). In a semi-crystalline filled polymer composite, filler 
particles are excluded from the crystal structure, so they concentrate in the amorphous region 
where they entangle with polymeric chains. This increases the measured modulus. The 
decrease in tensile and impact strength was attributed to poor interaction of RHA and PP. The 
irregular shape as well as incompatibility of RHA particles with the PP matrix would limit 
transfer of stress from one phase to the other. For irregularly shaped fillers, the strength of the 
composite is lower as the filler carries less stresses than a regular filler, while poor interfacial 
bonding causes micro-spaces to grow between filler and matrix, which further reduces stress 
transfer when the sample is loaded and induces brittleness. RHA and PP are incompatible 
because RHA is hydrophilic due to the presence of –OH (even when present in limited 
numbers) and PP is hydrophobic. 
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From the mechanical property results, the optimum concentration of RHA was found to be 
20wt%. One composite sample with 20wt% 600-24 mixed with PP was also produced at the 
optimum processing conditions. It had significantly inferior mechanical properties. Its stiffness 
and strength were even below those of virgin PP, attributed to the dehydroxylation of the filler 
surface and/or agglomeration as a result of thermal processing. Therefore these samples were 
not investigated further. 
As mentioned earlier, RHA is hydrophilic and PP is hydrophobic, so their compatibility is 
poor. Two different approaches were employed for improving RHA and PP compatibility. The 
first option was surface treatment of filler with chemical agents (silanes) to make it more 
hydrophobic prior to mixing with PP. The second method was to add a functionalised polymer 
(MAPP) to the system during melt mixing.  
Two grades of silane molecules, APS and MPS, were used to treat the surface of RHA. These 
silanes are very different from each other in terms of their chemical structure, type and number 
of chemical functionality. Where APS is an amine based functional silane with one amine 
functional group (NH2) on one end  and 3 silanols on the other, MPS is a silane that contains 3 
silanols on one side and an acrylate (C=O) and a vinyl (C=C) group on the other side. Silanol 
groups from both silanes are expected to undergo reactions with –OH groups on the RHA 
surface to form either hydrogen bonds or covalent bonds. In MPS silanes the acrylates can also 
react with –OH groups on the RHA surface to form covalent bonds. There is also the 
possibility of reactions between MPS acrylate and vinyl groups. 
Three different concentrations of each silane were used to make 20 wt% RHA/PP composites 
with 1, 1.5 and 2 wt% silane. TGA results for surface treated RHA suggested some interaction 
between RHA and the silane molecules, with the interaction being higher at higher 
concentrations. The TGA results showed slightly reduced weight loss at the second stage for 
2wt% compared to 1.5wt%, especially for MPS silanes. The level of interaction was relatively 
low, attributed to the limited number of –OH groups, the impure surface and the porosity of 
RHA. The few reactive functional sites on the RHA surface react with a few silane molecules 
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and then addition of more silane molecules will not improve the interaction further. The carbon 
content present as impurity may have covered some –OH groups, limiting the access of silane 
molecules to them. The TGA results showed decreased weight loss at 1wt% concentrations for 
both silanes, compared to RHA. This was attributed to all the –OH groups being consumed by 
reaction with silanes. With increasing concentration to 1.5wt% and 2wt%, the weight loss due 
to condensation of –OH increased proportionally. This indicates that there are –OH groups 
(unused silanols from silane molecules) available to undergo a condensation reaction. This is 
consistent with the limited number of –OH groups on the RHA surface being used up at low 
levels of silane. Only a few silanols (and maybe some acrylate for MPS) from silane molecules 
are needed to react with all the –OH groups on the RHA surface. The weight loss due to 
condensation in the higher concentration silane treated samples was attributed to excess 
silanols from silane molecules. NMR and FTIR results showed only small differences in the 
spectra of non silanated RHA and silanated RHA samples of any concentration. This confirmed 
the TGA results that the low level of reactivity is due to the very limited number of –OH 
groups.  
For the second approach to improving RHA and PP compatibility, three different loadings of 
MAPP were mixed with PP and RHA during melt mixing. The effect of interaction of MAPP 
on RHA/PP composites was studied by analysing their mechanical, rheological and thermal 
properties.  
The tensile modulus and strength of the silane treated and MAPP coupled composites were 
measured. Silane treated RHA composites showed slightly increased mechanical response, 
especially strength of composites, for both silanes up to a certain concentration. These results 
suggest an enhanced interface interaction between RHA and PP. The mechanical properties 
with MPS silane were slightly better than APS. The optimum for APS was 1.5wt% silane and 
for MPS, 2.wt%. The difference in the optimum values was attributed to the difference in 
chemical nature and type and number of functional groups of the two silanes. Both silanes had 
equal number of silanols on one end but APS had only one single functional group (amine 
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NH2) on the other end where MPS had two (vinyls (C=C) and acrylates (C=O)). Acrylates are 
capable of undergoing reactions with the –OH groups on the RHA surface, as well as reacting 
with vinyls and silanols, potentially causing cross linking reactions amongst silane molecules. 
It is possible that in MPS treated samples, due to the higher functionality, silanes formed 
multilayers, hence the optimum concentration was higher. These second layer MPS silanes are 
more accessible to polymer molecules and can interact with chain entanglements due to their 
larger physical size and hence improve mechanical performance more than APS. Where MPS 
increased the interaction between RHA and PP, the lesser improvements in the mechanical 
response of APS samples might be attributed to a change of surface properties that improved 
the dispersion of fillers. This is more evident from the rheological Cole-Cole plots discussed 
later. 
Addition of MAPP (at 2, 3 and 5 wt%) to RHA/PP composites significantly improved the 
tensile strength (by 7%, 10% and 13% respectively) but slightly reduced the tensile modulus. 
The enhancement in strength was attributed to increased interaction between RHA and PP, and 
the reduced modulus was attributed to the inclusion of a flexible (lower modulus) material 
(MAPP). The optimum MAPP concentration is 3wt%, beyond which there is no significant 
increase in strength.  
Compared to silane treated samples, the interaction of RHA/PP in MAPP coupled samples was 
higher. This was attributed to the MAPP being a long and semi-crystalline as well as a reactive 
molecule. The interaction between the maleic anhydride groups of MAPP with –OH groups of 
RHA is similar to the reaction of silanols of silane molecules with –OH. However MAPP is a 
long molecule so its other end can entangle with PP segments of MAPP and/or PP during melt 
mixing and it can also co–crystallise on cooling. Both mechanisms would allow more stable 
bonds to form between RHA and PP than between silanes and PP, at least up to the 
concentration for which there are –OH groups available on the RHA surface. Beyond that there 
might be co-crystallisation of PP segments but interaction with RHA would no longer be 
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possible and hence the properties of the composites would deteriorate with further addition of 
MAPP. 
Enhancements in properties at the same level as for MAPP/RHA/PP composites were observed 
in silanated samples only at the optimum concentration of MPS silane, attributed to the silane 
achieving a tightly bonded multi-layer structure between RHA and PP. The multilayer silane 
molecule might be long enough to entangle with PP molecules during melt mixing. Co-
crystallisation of silane molecules with PP is not expected. This was supported by the 
crystallinity studies of these composites, discussed later. 
The dynamic rheological response of the RHA composites, silanated composites and MAPP 
coupled composites at two different temperatures of 190°C and 210°C were measured using an 
ARES rheometer. The results showed that the magnitude of η*, G’, and G” for all RHA 
loadings was higher than PP at both temperatures. This was attributed to increased obstruction 
to deformation and increased elastic response due to the presence of RHA particles. This effect 
was more prominent at higher temperatures where the magnitudes of these properties for PP 
were reduced significantly. This was attributed to RHA enhancing the thermal stability of the 
system. The enhancement of viscosity was more profound than the increase in G’. This was 
attributed to the lack of compatibility between PP and RHA failing to improve the elastic 
response (G’) of the composites as much as they obstructed the deformation of the matrix. This 
is consistent with the mechanical response of these composites. 
Silanated samples increased all the dynamic properties at all concentrations at the lower test 
temperature. At lower concentrations of both the silanes, the bonding with RHA is single layer 
(due to just enough functional groups from RHA and silane molecules to react with each other 
without the excess of free functional groups) and is thermally stable. At higher concentrations, 
there are some unused functional groups (excess to react with –OH) and are able to react with 
other functional groups from silane, forming a loose, unstable multilayer (due to limited 
bonding sites). With further increase in silane concentration, there will be more functional sites 
available to react with each other, forming a more tightly and stable bonded multilayer (due to 
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more bonding sites). The optimum values of silane for APS and MPS silanated samples were 
1.5wt% and 2wt% respectively, as found for the mechanical properties of the composites. At 
the higher test temperature, the behaviour was similar for all concentrations of both silanes, 
except the 1.5 % MPS. The dynamic properties of this composite were unexpectedly even 
lower than the non-silanated composite sample. This suggests debonding of multilayer MPS 
silane molecules (multilayers are less stable as they are loosely bonded) from RHA particles 
and then a lubrication effect of loose/free floating MPS molecules in the system. APS may be 
more thermally stable than MPS because its functional groups are less in number (so does not 
require more functional groups to saturate its active functional sites, hence low optimum value) 
and also an amine bonding with –OH  might be more stable than acrylates and vinyl bonding to 
–OH and  amongst each other. . 
MAPP coupled composites showed significant increases in all dynamic properties for all 
concentrations at the lower temperature. However at the higher temperature, the high 
concentration of MAPP showed a decrease in these properties (below that of the lower 
concentrations). This was attributed to some debonding and the lubricating effect of free 
floating low viscosity MAPP molecules in the system. The optimum concentration of MAPP is 
around 3wt% for enhanced performance for both temperatures, as found for mechanical 
properties. 
The miscibility of the composites was analysed at both temperatures using Cole-Cole plots of 
the two components of η*. All the loading of RHA from 20 to 40wt% samples, showed the co-
existence of two relaxation mechanisms at both temperatures.  
At the lower temperature, composite samples with higher concentrations of APS showed a 
single relaxation mechanism similar to that of the PP. This may be attributed primarily to 
improved dispersion of filler and to some extent enhanced interfacial interaction. A second 
relaxation mechanism was evident at the lower temperature only at the low concentration of 1 
wt% APS. This was attributed to the less than optimum level of APS molecules being 
insufficient to improve dispersion as well as enhancing interaction of RHA and PP as much as 
177 
at the higher concentrations. However at the higher temperature, the co-existence of a second 
relaxation mechanism was evident for all concentrations. This may be attributed to the 
debonding effect between RHA and APS molecules causing a system similar to that of the non-
silanated RHA composites.  
MPS treated composites showed a second relaxation mechanism at all concentrations for both 
temperatures, which was more prominent at higher temperatures. This indicates the nature of 
the bonding between MPS and RHA is different to that of APS and RHA. This difference in the 
behaviour of these silanes suggests that the APS silanated samples might be bonded more 
uniformly, forming a single layer on the RHA surface for the 1.5 and 2 wt% silane, whereas 
MPS molecules may have reacted with –OH groups from RHA as well as cross linked amongst 
each, causing network formation. Hence a second relaxation mechanism was observed.  
The Cole-Cole plot of MAPP samples at all concentrations for low temperature showed arcs 
similar to that of PP, indicative of a single relaxation mechanism. This was attributed to the 
bonding with RHA particles and co-crystallisation with PP molecules, in turn enhancing 
interaction of RHA and PP. This was also observed in the mechanical studies discussed earlier 
as well as in crystallinity studies that will be discussed later. Similar observations were made 
for a higher temperature for lower concentrations. At a higher concentration, there was a slight 
change (shortening of the arc) in the relaxation mechanism, attributed to the presence of excess 
of the low viscosity MAPP molecules in the system. This is consistent with the mechanical 
properties of these composites, where there was a decrease in the response of the composites 
with the increased concentration of MAPP. 
The crystallinity of RHA/PP composites was measured using DSC. The PP crystallinity 
decreased upon addition of RHA to the system. The effect was linearly proportional to the filler 
loading, even when the % of crystallinity was calculated on the basis of the weight of polymer 
not the composite. This may be attributed to the restricted motion of polymeric chains by the 
presence of RHA. The Tco and Tc of PP were slightly increased for the 20wt% RHA composite 
only, indicative of RHA not being a nucleating agent. This may be attributed to poor 
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interaction of surfaces (due to irregular particles), and the incompatibility of hydrophilic RHA 
with the hydrophobic PP.  
APS silanated samples showed a slight increase in % crystallinity up to 1.5 wt% and a decrease 
after that. The increase may be attributed to improved interaction of RHA/PP as well as better 
dispersion of the filler, resulting in growth of larger or more crystals. The decrease of 
crystallinity at higher concentration was attributed to excess silanols, making the RHA surface 
more hydrophilic and less compatible with PP. Higher APS concentrations mean more –OH 
groups available on the surface. 
MPS silanated composites showed significant increases in crystallinity for all MPS 
concentrations, with the smallest increase being at 1.5wt%. The increased crystallinity at 1 and 
2 wt% was attributed to improved RHA/PP interaction. The exception for 1.5wt% MPS was 
unexpected but consistent with rheology results at high temperature and may be attributed to 
the nature of bonding at this intermediate concentration for this grade of silane. At low 
concentration of 1wt% MPS, the functional groups from the silane molecule is sufficient to 
undergo reaction and consume all the –OH groups from RHA. With Increasing the 
concentration to 1.5wt%MPS, there may be an increase in -OH groups from silane (excess 
unused silanol groups), providing a less compatible surface between RHA and PP. A further 
increase in MPS concentration up to 2wt% would consume the excess -OH groups in 
intermolecular reaction between silane molecules, forming a more hydrophobic layer on RHA 
surface. This may have enhanced the RHA and PP compatibility and hence the increased % 
crystallinity.  
Both silanes at all the concentrations had insignificant effect on the Tco and Tc of the 
composites. 
To isolate the effect of inclusion of MAPP into the PP from its effect on the RHA/PP 
composites, crystallisation effect of a (95:5) blend of PP and MAPP was studied. A significant 
decrease in % crystallinity was observed with increased Tco and Tc for the blend. This may be 
attributed to the presence of anhydride groups in the system disrupting polymeric chain motion 
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and causing entanglements. When adding MAPP into the RHA/PP composites, % crystallinity 
increased at low concentrations and decreased with further addition of MAPP. A similar effect 
on the Tco and Tc of the composites was observed where there was an increase in these values at 
lower concentrations of MAPP and a decrease with increase in MAPP concentration. This was 
attributed to the scarcity of –OH groups on the RHA surface, sufficient to react with the 
relatively low concentration of 2 wt% MAPP. An excess of MAPP results in excess anhydride 
groups, causing interruption to polymer chain motion and to some extent causing a lubrication 
effect. 
ESEM micrographs were produced for all composites. They confirmed the particle size and 
distribution was similar for all composites. Of course the distance between particles was 
reduced at higher concentrations. This is expected as there are more particles in the system with 
increased filler loading. This further means that there was no evidence of better dispersion nor 
of agglomeration. This was inconsistent with the results for APS silanated composites that 
suggested better dispersion at low levels of APS. Upon silanation, for both APS and MPS 
treated RHA/PP composites at any silane concentration, the dispersion of filler did not seem 
different to that of the non-silanated. There was also no evidence of debonding at the fracture 
surface in the ESEM micrographs, suggesting any enhancement in the strength of the interface 
was insufficient to change the fracture behaviour. Similar observations were made for the 
MAPP composite. The ESEM technique was not sensitive enough to distinguish the small 
interactions observed using other techniques. 
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The following conclusions can be drawn from the work carried out: 
• Rice hull ash (RHA) has a similar chemical structure to other silicas. However RHA is 
inferior to commercial silicas in some aspects. RHA has higher impurity content, a more 
porous structure, a more irregular particle shape with wide size distribution and more 
limited surface functional active sites. Compared to acid washing, thermal treatment of 
RHA removed more unburnt carbon, producing a more pure silica (600-24). 
• Like any metals and metalloids, the surface of RHA contains –OH functional groups but 
these are very limited in quantity. TGA, NMR and FTIR results show the –OH number 
for RHA is small, with even lower –OH numbers after the dehydroxylation of the 600-
24 sample due to thermal treatment. NMR results show that RHA has a very saturated 
siloxane structure compared to a commercial grade of silica.  
• RHA and PP composites have a wide processing window and the optimised processing 
conditions in a small batch mixer are 12 minutes, 60 rpm and 180°C.  
• Addition of RHA into PP increases the modulus but decreases the tensile strength of the 
composites, attributed to poor compatibility between RHA and PP, as RHA is 
hydrophilic and PP is hydrophobic. The optimum loading of RHA is 20wt%. 
Composites of 20wt% 600-24 with PP have significantly inferior tensile stiffness and 
strength compared to 20wt% RHA with PP. Silane treated RHA composites have 
improved mechanical properties, especially tensile strength, attributed to enhanced 
interfacial interaction. The optimum is 1.5wt% for APS and 2.wt% for MPS in this 
system. The difference in the optimum value is due to differences in the chemical 
structure, type and number of functional active sites and bonding mechanisms of the two 
different silanes. Addition of a maleated polymer (MAPP) into RHA/PP composites 
significantly improved the tensile and impact strength but slightly reduced the tensile 
modulus. The optimum MAPP concentration in this system is 3wt%. MAPP is a better 
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coupling agent than silanes, attributed to the difference in chemical structure, physical 
size and the bonding mechanism of MAPP with PP (physical entanglement and co-
crystallisation). The optimum concentrations of coupling agents are within the 
manufacturers’ recommended ranges for this system. The limited effectiveness of 
compatibilisers in this system is due to the low number of –OH groups of RHA.  
• The dynamic rheological response across a range of processing temperatures for RHA 
composites, silanated RHA composites and MAPP coupled RHA composites is higher 
than PP. The increase is more prominent at higher temperatures, suggesting RHA 
increases the thermal stability of the system. Like mechanical properties of the 
composites, the optimum value for APS and MPS silanated samples are 1.5wt% and 
2wt% respectively and for MAPP is around 3wt%. Both silanated and MAPP coupled 
samples are less thermally stable than RHA/PP composites. 
Cole-Cole plots show RHA/PP composites exhibit two relaxation mechanisms across a 
temperature range. APS silanated composites exhibit a slightly different relaxation 
mechanism attributed to improved dispersion of filler and enhanced interface interaction 
at lower temperatures, and debonding at higher temperatures. MPS treated composites 
also exhibit two relaxation mechanisms across a range of temperatures, attributed to 
more complex bonding and debonding than APS, due to the nature of MPS molecules. 
MAPP samples exhibit a single relaxation mechanism for both temperatures, similar to 
that of PP, consistent with the mechanical properties results, that MAPP is a superior 
coupling agent than silanes in this system. 
• The crystalline fraction decreases in RHA/PP composites due to restricted motion of 
polymeric chains in the presence of RHA. Onset and peak crystallinity temperatures 
increase, suggesting that RHA is a weak nucleating agent for PP, at least at lower 
concentrations. Crystallinity is a maximum with 1.5 wt% APS and 2wt% MPS, and 
2wt% MAPP, similar to the optimum values found from the rheology and mechanical 
property results.  
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• ESEM micrographs confirm the small particle size (10 microns) and the wide 
distribution (1 to 100 microns) of RHA particles in this system. ESEM is not sensitive 
enough to identify better coupled RHA/PP samples as there is no difference in the 
images with and without surface treatment and coupling agents. 
Properties of the RHA / PP composites show modest improvements compared to PP. However 
these are not sufficient to make RHA a commercially attractive reinforcing filler for PP.  
 
Recommendations: 
Future work should address the main drawbacks of RHA, namely, its high impurity content 
and the lack –OH groups to react with coupling agents. The incineration process used to 
make RHA from rice hulls influences both. It will be interesting to study the effect of 
incineration variables such as residence time and burning temperature on the RHA purity 
and –OH number. A further study could investigate the use of RHA as inert filler in 
commodity polymer composites for non-structural applications. 
It will also be of scientific interest to many researchers to study the performance of these 
composites over time (ageing study) and the effect of UV (degradation) of these composites.  
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8.1 Appendix 1:-OH number calculation 
 
Where the BET area is x and the sample weight is w, the number of silanol groups (nm2) is 
(2b * 1000)/3xw, where b = m/100 = %weight loss. 
 
  0-750 °C   500-750°C   
(-OH) Groups 
No  
Sample  
Total 
Weight x b  w  n (nm2) 
Name   Loss % 
(BET 
area) 
(%weight 
loss) 
(sample weight, 
mg)   
RHA 2.4 48 0.49 12.2 0.56 
Aerosil 1.99129 300 0.82657 1.5 1.22 
600-24 1.19347 48 0.10989 8.01 0.19 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
